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INTRODUCTION 


It is of considerable interest to determine the range 
of conditions tolerated by the preimaginal stages of 
Hyalomma prior to fixing themselves on a suitable 
host. Nuttall (1913-14), working on the biology of 
H. aegyptium, states that the life span of the larvae 
(at c. 12° C.) is 345 days, and that of the nymphs 
89 days. It is more than probable that Nuttall did 
not work with H. aegyptium which is not found on 
sheep and cattle. Pospelova-Strom (1932), working 
on H. yakimovi (=dromedarii), found that nymphs 
live for 7-155 days, and that ‘in all their stages resist 
dryness well’. On the othor hand, Delpy & Gouchey 
(1937), working on the same species, mentions that 
‘fasting larvae and nymphs show little resistance to 
dryness’. In the same publication he states that the 
larvae are longer-lived than the nymphs at 30° C. 
(no statement of the relative humidity). In view of 
the scanty and inconsistent available information, 
the present investigation has been undertaken. 


EXPERIMENTAL METHOD 


Unfed larvae and nymphs no more than 24 hr. old 
were introduced into test-tubes and kept at different 
conditions of temperature and humidity. The test- 
tube containing the larvae or nymphs was closed 
with a fine tulle so as to permit a free exchange of 
air; this test-tube was put in another larger one 
containing on its bottom solutions of different 
concentrations of H,SO, with water, so that the 
vapour pressure gave the desired relative humidity 
(Buxton, 1931). The containing test-tube was closed 
with a cork and sealed with paraffin. The whole was 
kept at a constant temperature. In this way a series 
of experiments showing length of life at all combi- 
nations of relative humidities of 20, 50, 80 and 95 % 
with temperatures of 17-5, 30 and 37°C., was 
carried out. Dead ticks were recorded daily. 


LONGEVITY OF THE 


The results are shown in the 


LARVAE 
survivorship curves 


(Fig. 1). The scale of the abscissa of Fig. 1 (and 
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Fig. 2) is a logarithmic one, as all the survivorship 
curves could not have been included in one figure 
in an arithmetic scale, since life span varies between 
wide limits. Consequently, equal distances on the 
abscissa do not show equal differences in length of 
life but equal ratios. 

All the survivorship curves are S-shaped, i.e. a few 
individuals die young, the majority die during a 
short lapse of time, and finally a few individuals 
survive for a longer time. The survivorship curves 
for 80 and 95% R.H. run for a long time (e.g. 
3 months at 17-5° C. and 95% R.#.) almost hori- 
zontally, i.e. that mortality is practically nil. Some 
of the curves (see 37° C., 95 % R.H.; 30° C., 80% R.H., 
ete.) fall slightly at their start and follow only 
afterwards the typical S-shape. The increase in 
mortality at the very beginning of the experiment 
corresponding to the fall of the survivorship curve 
is probably due to the death of larvae damaged by 
handling. 

The data concerning the mean length of life and 
the maximum longevity observed (life span) are 
given in Table 1. It should be emphasized that 
longevity is probably higher in nature where the 
larvae are not disturbed every day for counting, 
for, as soon as the larvae hatch, they form a cluster 
which protects them from unfavourable conditions. 
If not disturbed they remain in this condition, 
which favours the preservation of energy, for almost 
the rest of their lives. In our experiments, in order 
to know which larvae were already dead, we shook 
the test-tubes and so dispersed the cluster every 
day. It was observed that in test-tubes not used 
for the experiments of longevity and consequently 
not disturbed daily the larvae were still alive, while 
under the same conditions in the experiments many 
larvae were dead. In spite of this, the data ob- 
tained, under different conditions, give a reliable 
picture of the influence of temperature and humi- 
dity on length of life, although they are probably 
somewhat lower than in nature. 

As can be seen from Table 1, length of life in- 
creases as the relative humidity increases, and 
decreases with increase of temperature. The larvae 
are much more sensitive to humidity than to 
temperature within the range of variation studied. 
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The short longevity at low humidity is very 
striking. At a temperature of 17-5° C. and 20 % R.H. 
the mean length of life is only 13-7 days, whereas 
at higher temperatures of 30 and 37° C. the mean 
length of life at the same humidity does not exceed 


Conditions affecting larvae and nymphs of Hyalomma savignyi 


from 1-25 to 12-5 days, and at 17-5° C. from 13-7 to 
162-6 days. 


LONGEVITY OF THE NYMPHS 


The results of the experiments with nymphs 
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Fig. 1. Survivorship curves for starved larvae of Hyalomma savignyi under various conditions of temperature 
and humidity. The scale of the abscissa is a logarithmic one. As on such a scale the zero cannot be shown, the 
longevity is given in days plus one. The figures written near the curves indicate the relative humidity. 


even 3-2 and 1-25 days respectively. The longevity 
at high humidity is very high as compared with 
that at low humidity. At the same temperature and 
at different relative humidity, length of life may 
vary by more than-10 times. It varies at 37° C. 


(Table 2) are similar to those with larvae. The 
length of life of the nymphs increases directly with 
the humidity and inversely with the temperature. 
The life-table curves for the nymphs, which are 
visualized in Fig. 2, show very clearly the influence 
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of the temperature and humidity. The nymphs are 
less susceptible to dryness than the larvae. At the 
same temperature the influence of the humidity is 
less accentuated with nymphs than with larvae, 
i.e. at a definite temperature the difference between 
the mean length of life at 20% R.H. and that at 
95% B.H. is less for nymphs than for larvae. While 
at 37° C. larvae live 10 times longer at 95 than at 
20% R.H., for nymphs the same ratio is only 4 to 1. 
At 17-5° C. this ratio is for larvae 11-2: 1 and for 
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of the initial population to the death of three- 
quarters. This lapse of time is the interquartile 
range. Relative dispersion is accordingly calculated 
by the ratio of the interquartile range to the median 
of the longevity (age reached by 50 % of the popula- 
tion). This ratio varies for larvae from 0-14 to 0-56 
and for nymphs from 0-16 to 0-5 under the various 
conditions of temperature and humidity used in the 
experiments. A similar dispersion of length of life 
has been calculated from life tables for the imagines 


Table 1. Longevity of fasting larvae of Hyalomma savignyi (in days) 


Temperature ° C. 
AN. 








R.H. r ‘ 
% 17-5 30 37 
Mean + probable error 20 13-7+ 0-43 3-2+0-07 1-25 + 0-04 
Median 12-8 4 1-8 
Maximum 24 5 2 
Mean + probable error 50 23-1+0-31 5-9 + 0-04 183+ 0-01 
Median 22-8 6-6 2 
Maximum 31 8 4 
Mean + probable error 80 48 +2-79 47 +24 5-9 +0°25 
Median 52 56 6 
Maximum 85 79 11 
Mean + probable error 95 162-6 + 5-94 84-3+ 0-46 12-5 +0-47 
Median 176 83 14-3 
Maximum 241 103 17 
Table 2. Longevity of fasting nymphs of Hyalomma savignyi (in days) 
Temperature ° C. 
R.H. c A 
% 17-5 30 37 
Mean + probable error 20 51-6+1-2 12 +0-36 6-8+0°13 
Median 48 11-7 7 
Maximum 86 20 10 
Mean + probable error 50 57-741-77 18-3 + 0-34 14-84 0-49 
Median 54 18-3 10-5 
Maximum 118 24 26 
Mean + probable error 80 149-2 + 4-6 26-9 + 0-59 17 +0°35 
Median 149 27 16-7 
Maximum 246 38 23 
Mean + probable error 95 148-1 + 5-02 66 +0-64 28-1+ 0-52 
Median 138 64 30 
Maximum 203 80 42 


nymphs 2-9: 1. The length of life of the nymphs is 
almost invariably longer than that of the larvae. 
The difference is especially great at low humidities. 


DISPERSION OF LONGEVITY 


As can be seen from Figs. 1 and 2 the slope of the 
descending portion of the survivorship curves is 
rather similar for all life tables studied. As the 
scale of the abscissa is a logarithmic one, it is 
obvious that the relative dispersion of length of life 
under different conditions is similar, i.e. scarcely 
influenced by external conditions. 

Dispersion of longevity can be simply measured 
by the time elapsing from the death of one-quarter 


of Musca domestica vicina (Feldman-Muhsam, 1944). 
Under different conditions of temperature and 
humidity the relative dispersion for Musca varies 
from 0-22 to 0-65. These differences observed for 
Hyalomma and Musca may be considered as small 
if compared with differences in dispersion observed 
in man. The relative dispersion measured by the 
same method from U.S.A. life tables (white males, 
1929-31) is 0-42, for Italy 1-26 (calculated from 
Pearl’s data) and for India (males, 1911) 4-1. While 
the dispersion of longevity of man under the un- 
favourable environment prevailing in India is 10 
times larger than under the considerably better 
conditions of life in U.S.A., the dispersion of 
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Fig. 2. 


Survivorship curves for starved nymphs of Hyalomma savignyi under various conditions of temperature 


and humidity. For explanation see Fig. 1. 


longevity of ticks and flies varies only in the 
proportion of 1: 4. Thus in these two Arthropoda, 
environmental conditions shorten or lengthen 
longevity of all individuals uniformly, whereas in 
man, the longevity of some individuals is shortened 
under unfavourable conditions while others may 
reach a normal life span which would not have been 
exceeded even under better conditions. 





SUMMARY 


1. The longevity of the fasting larvae and 
nymphs of Hyalomma savignyi is investigated under 
different conditions of temperature and humidity. 

2. It is found that both larvae and nymphs are 
much more sensitive to humidity than to tempera- 
ture. Their longevity at low humidity is short as 





compa 
tempe 
varies 

life val 
maxim 
241 da 


BuxTo 
DELPY., 

Com; 
FELDM 





B. FELDMAN-MvuHSAM 115 
compared with that at high humidity at the same 3. The mean longevity of the nymphs varies 


= temperature. The longevity of the fasting larvae between 6-8 and 149-2 days. The maximum varies 
varies between very wide limits. The mean length of between 10 and 246 days. 
life varies between 1-25 and 162-6 days, whereas the 4. The relative dispersion of longevity varies 


maximum longevity obtained varies between 2and within restricted limits under different experimental 
241 days, according to temperature and humidity. conditions. 
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PHYSIOLOGICAL AND HISTOCHEMICAL OBSERVATIONS ON 
THE ADULT LIVER FLUKE, FASCIOLA HEPATICA L. 


I. SURVIVAL IN VITRO 


By WILLIAM STEPHENSON, Pu.D., Department of Zoology, The University, Bristol* 


(With 1 Figure in the Text) 


INTRODUCTION 


In previous physiological work upon the liver fluke 
ordinary Ringer solutions have been used as 
‘culture’ media and the flukes live from 5 to 12 hr. 
(Winsauer, 1899; Miiller, 1923; Weinland & von 
Brand, 1926; Flury & Léeb, 1926; Harnisch, 1932). 
These times are so short that they suggest that the 
worm is in an abnormal physiological condition. 
The first step in studying the normal physiology is 
to attempt to maintain the parasite alive in vitro for 
the longest possible time. During this work, survival 
times in various environmental conditions are re- 
corded. These are a measure of the fluke’s resistance 
to the conditions and they help in understanding its 
physiology. The work is also of practical importance 
because, if the life of the worm in vitro can be suffi- 
ciently prolonged, the effects of anthelmintic sub- 
stances can be tested in vitro with the advantages 
this entails (Chu, 1938; Baldwin, 1943). 

No systematic attempts at culturing Fasciola in 
vitro have yet been made, and survival data are 
incidental to other work. Attempts at culturing 
other liver flukes (Opisthorchis=Clonorchis) have 
been made by Erhardt & Brumpt (1933), Kollarth & 
Erhardt (1936), Hoeppli & Chu (1937), Chu (1938), 
Erhardt (1939) and Chu (1940). Opisthorchis is more 
resistant than Fasciola, and survival times of the 
order of 20 days have been recorded in various media. 

Two main types of media can be used for survival 
experiments, either biochemically complicated media 
such as bile, blood, and serum, or simple saline 
solutions. The former were not employed because: 
(1) adequate supplies are difficult to obtain; 
(2) troublesome precautions are necessary to ensure 
sterile conditions; (3) bile is very variable in its 
composition and also undergoes extensive post- 
mortem changes (Sobotka, 1937, p. 20); (4) while 
there is considerable uncertainty as to the normal 
food of the worm (Sommer, 1880; Macé, 1882; 


* Now at Dove Marine Laboratory, Cullercoats, 
Northumberland (University of Durham). 


Railliet, 1890; Miller, 1923; Flury & Léeb, 1926; 
Weinland & von Brand, 1926; Hsii, 1939), there 
seems to be general agreement that it does not 
consist of bile alone; (5) the use of simple media 
enables the effect of environmental variations to be 
more readily investigated, and is likely to simplify 
future physiological work. Therefore, in the present 
work, saline solutions of increasing complexity are 
employed. 


GENERAL METHODS 


Flukes were obtained from the liver ducts of sheep 
or cattle which had been dead for 1-6 hr. They were 
transferred to the laboratory in cold bile and washed 
repeatedly in saline (see text). From seven to nine 
worms were placed in 500 ml. of experimental liquid 
contained in a litre jar with screw top, and the 
temperature maintained constant to +0-1°C. 
Solutions were changed after c. 16 hr., and then at 
24 hr. intervals, and the worms were observed twice 
daily. At each observation, the number of surviving 
worms was noted, and the dead worms removed. 
This was continued until about 75 % of the worms 
were dead, and, by interpolation, the time for 50 % 
survival of each batch of about eight worms was 
obtained. This is described below as the median 
batch survival time. Each experiment was per- 
formed with at least three batches of eight worms 
each, with another three as controls. In cases where 
marked differences were not observed, experiments 
were repeated several times. Mean survival times 
and their standard errors are then given. The 
number of batches is often barely adequate for the 
computation of standard errors to be statistically 
sound, but these values still indicate the approximate 
variation of the means. 

pH values were frequently determined, in all 
cases by colorimetric methods, to the nearest 0-1. 

Certain of the above details were modified in 
special experiments, and others (not given above) 
altered as the work progressed. These are given in 
the appropriate parts of the text. 
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PRELIMINARY EXPERIMENTS 


Many flukes never moved in the laboratory except 
on strong mechanical stimulation. After a while the 
tissues lost their stability and the worms disinte- 
grated. In the preliminary experiments, the vitality 
of the flukes was determined by measuring the times 
required to initiate tissue disintegration. The experi- 
ments were carried out upon sheep flukes and were 
performed at 37-0° C. This is lower than the tempera- 
ture of the normal environment, but it was considered 
safer to err on the low side (see p. 118). 

Aseries of solely inorganic solutions was employed, 
and the full results need not be given, but only the 
main conclusions. These are: (1) Borates delay dis- 
integration of the tissues of the fluke, presumably 
because they control the bacteria, (2) Up to pH 9-0, 
the greater the alkalinity, the longer is the life. 
(3) Other factors are less important, and only show 
detectable effects in absence of borate or at an 
unsuitable pH. (4) In such conditions there are 
optimum concentrations approximately as follows: 
K’ 5 mM., Ca” 1 mM., total salt concentration 
equivalent to about 130 mM. NaCl. (5) Partial 
replacement of Cl’ by HCO,’ or HPO,’ produces no 
effects other than those attributable to the pH 
changes. (6) Partial replacement of Cl’ by bile salt 
(tauroglycocholate) accelerates tissue disintegra- 
tion. The best solution used in this work was: 
NaCl 115 mM., KCl 5-0 mM., CaCl, 1-0 mM., borax 
85 mM. (pH 9-2). This is referred to below as 
saline I. 

After a week in this solution there is no tissue 
disintegration, but this is due to control of bacteria 
rather than to maintenance of the worms in a 
healthy state. In the subsequent work, the move- 
ment of the trematodes, and not the stability of 
their tissues, was taken as a criterion of vitality. 
A fluke was considered to be fully alive when moving 
spontaneously, moribund and equivalent to half 
alive when only responding to mechanical stimula- 
tion, and dead when no response was obtained. 


FEEDING EXPERIMENTS 


Weinland & von Brand (1926) consider that flukes 
die rapidly in inorganic solutions owing to absence 
of food. Saline I was employed as the basis of the 
present experiments, and food substances (sugars, 
bile salt, de Witte’s peptone) were added to it. 
Worms were washed free from bile, kept in saline I 
at 38° C. for 30 min., and only those moving sponta- 
neously were used as experimental material. Many 
worms were thus discarded, and to overcome the 
resultant shortage, both sheep and cattle flukes were 
used. No significant differences between the two 
were ever noted. During this series of experiments 
the flukes were kept at 38-2°C. This temperature is 
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nearer to that of the normal environment and should 
produce more vigorous movement. 

The results obtained (Table 1) show that the 
addition of bile salt or peptone produces very slight 
increases in survival. This is probably because of 
gross bacterial infection, particularly in the peptone 
solutions. Attempts at control were made with 





Table 1 
Mean 
batch 
No. of survival 


batches time in s.E. of 

of worms, hr. to mean to 

c.8 nearest nearest 
Solution each 0-1 0-01 
Saline I (control) 9 17-1 1-04 
Glucose: 10 mM. 10 28-2 2-43 
20 mM. 14 37°8 2-17 
30 mM. 27 40-0 1-99 
50 mM. 14 42:5 2-82 
80 mM. 9 49-4 6-28 
120 mM. 11 48-0 3°91 
Fructose: 15 mM. 6 56°3 6-94 
30 mM. 6 64-7 9-67 
45 mM. 6 75-0 6°56 
Galactose: 15 mM. 7 21-5 0-84 
30 mM. 6 28-7 2-91 
45 mM. 6 30-7 2-40 
80 mM. 7 40-0 1-32 
Maltose: 15 mM. 7 20:3 2-79 
30 mM. 7 23-6 0-42 
50 mM. 7 35-1 3°27 
80 mM. 7 38-9 1-59 
Lactose: 30 mM. 7 21-2 1-33 
50 mM. 7 24-3 3°56 
80 mM. 7 20-7 1-60 
Sucrose: 30 mM. 7 19-3 2-60 
50 mM. 7 21-1 2-05 
80 mM. 7 19-6 1-57 

Bile salt (sodium tauro- 

glycocholate): 0-5 % 7 20-1 0-57 
1:0 % 7 22-1 0:78 
20% 6 21-7 1-41 
De Witte’s peptone: 0-25 % 7 18-1 1-49 
05% 7 19-4 1-90 
10% 6 17-0 0-57 
20% 6 17-5 0-48 


1/1000 sulphanilamide, but survival times and 
bacteria seemed equally unaffected. Adding glucose 
produces increases in survival time, and it is legiti- 
mate to conclude that the flukes are feeding upon it. 
Other sugars are also effective in the following order: 
fructose > glucose > galactose = maltose > lactose 
= sucrose. 

Many of the physico-chemical factors of the 
solution are altered by addition of sugars, particu- 
larly the pH values. The pH values of 30 mM. 
solutions of the six sugars in saline I are: fructose 7-7, 
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glucose 8-6, galactose 8-8, maltose 9-0, lactose 9-1, 
sucrose 9-2 (control 9-2). The efficiency of a sugar as 
food is thus approximately proportional to the 
lowering in pH of the saline solution. Increased 
survival is not apparently due to lowering of the pH 
as such (see p. 119), and the full explanation is as yet 
unknown. 

The fact that disaccharides are less effective than 
monosaccharides shows that the former are not 
being broken down to the latter by enzyme action. 
Either the worm is not producing the relevant 
enzymes or the disaccharides are not reaching the 
enzymes (i.e. not reaching the gut). If sugars act 
as food but do not reach the gut, the worm must 
feed through its general body surface. To test this, 
worms were ligatured (with bolting silk between the 
two suckers) and their survival times in 30 mM. 
glucose compared with those of controls. Median 
batch survival times in hours were: Ligatured 43, 
48, 37, 38; unligatured controls 43, 48, 55, 39, 40, 
42, 40, 42. These values should be compared with a 
survival time of 17-1 + 1-0 hr. for unligatured worms 
without the presence of glucose (Table 1). These 
results show that glucose enters mainly through the 
general body surface. 

Saline I can now be superseded by better solutions. 
Ideally a high concentration of fructose should be 
present, but for reasons of supply and economy, 
30 mM. glucose was used. The solution employed 
below (saline IJ) was: NaCl 115 mM., KCl 5 mM., 
CaCl, 1 mM., borax 8-5mM., glucose 30 mM. (pH 8-6). 
In this solution worms survive 40 hr. instead of 
17 hr. as insaline I. The solution contains no nitrogen, 
and progressive nitrogen starvation must occur. 
Attempts were made to alleviate this by adding 
peptone, but survival times were decreased to about 
15 hr. This is presumably due to encouragement of 
bacteria, but these in turn could not be controlled 
with 1/1000 sulphanilamide. 


VARIATIONS IN PHYSICO-CHEMICAL 
CONDITIONS 


The preliminary investigation of these factors 
(p. 117) was incomplete, and the criterion of vitality 
was later abandoned. The present method was 
essentially similar to that of the feeding experi- 
ments, except that saline IT was employed as a basic 
medium instead of saline I. Other details are given 
below. 

pH. These experiments were performed at 38-2° C. 
In each experiment, large groups of worms were 
used, und solutions of different pH values employed. 
Different experiments covered different pH ranges, 
with overlap between these ranges. In the main 
experiments, borate buffers were used. (8-5 mM. 
borax mixed with 8-5 mM. boric acid, or 8-5 mM. 
borax with addition of small amounts of NaOH.) 


Physiological and histochemical observations on the adult liver fluke 


Minor changes in osmotic pressure occur between 
solutions, but these are negligible (see p. 120), 
Near the optimum pH, changes of pH during an 
experiment were very small (> 0-2), but at the ends 
of the range, serious decreases occurred (alkaline 
end > 0-6, acid end > 2-0). These were probably due 
to gross bacterial infection of the media following 
the death of a worm. The pH values recorded are 
the means of initial values <nd those prior to changing 
the media (up to the 50 % survival level). Outside 
the range 7-5-9-5 the changes during an experiment 
were such as to render the recorded values little 
more than rough approximations. 

A single experiment was performed with phos- 
phate buffers (10 mM. phosphate, 10 mM. K, 
absence of Ca’). Survival times were shorter than 
in the borate mixtures, and in addition decreases of 
c. 2-0 pH units occurred over the entire range. The 
experiments were discontinued. 

The results obtained are plotted on Fig. 1, where 
different symbols are used for different experiments, 
Fig. 1 shows that the optimum pH is about 8-2-8-6, 
Erhardt (1939) performed similar experiments upon 
Opisthorchis and, although his data are barely 
adequate, it is probable that the optimum pH for 
Opisthorchis is nearer neutrality than the above 
values. It is evident from these experiments that 
saline II is sufficiently near to the optimum pH to 
render alterations on this score unnecessary. 

Inorganic salts. These experiments were per- 
formed at 38-2°C. and each was repeated many 
times. The inorganic constituents of saline IT are 
NaCl, KCl, CaCl, and borax. These salts were con- 
sidered one at a time, the concentration of a single 
constituent altered, and the effect on the survival 
time was noted. 

The results (Table 2) show that the worms are 
sensitive to variations in borax concentration. On 
the other hand, the concentrations of NaCl, KCl 
and CaCl, in saline II can be approximately halved 
or doubled without materially altering the survival 
times. The results suggest that saline II might be 
improved by increasing NaCl and KCl concentra- 
tions, and decreasing the borax concentration. The 
solution for subsequent work (saline III) was there- 
fore: NaCl 150 mM., KCl 10 mM., CaCl, 1 mM., 
borax 6 mM., glucose 30 mM. (pH 8-6, osmotically 
equivalent to c. 179 mM. NaCl). 

Temperature. Bovine flukes were employed in 
these experiments and were kept in saline III. The 
mean batch survival times and their standard 
errors are given in Table 3. Table 3 shows that 
worms survive longest at temperatures below the 
body temperature of the host (c. 36° C. against 
c. 38° C.). At temperatures above 36° C., survival 
times become progressively shorter. Flukes rapidly 
become immobile in the ducts of livers kept at 
laboratory temperatures, and it is therefore sur- 
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prising that, in saline III, temperatures down to 
¢. 20° C. produce very little effect on survival tiraes. 

‘Anaerobic’ conditions. These experiments were 
performed on sheep flukes kept at 37-6°C. in 
saline III. The saline was evacuated for c. 4 hr. at 
room temperature, warmed to 38° C. under liquid 
paraffin, and poured over the flukes. Five flukes 
were contained in a corked 200 ml. bottle, containing 
2 cm. of liquid paraffin. A new series of controls 
was necessary owing to the altered conditions as 
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of mean 3-05. ‘Anaerobic’: eight batches, mean 
batch survival time 36-8 hr., standard error of 
mean 2°36. These results show that reducing the 
oxygen tension reduces survival times. 


ADDITION OF OTHER ORGANIC 
SUBSTANCES 
At various stages in the investigation, attempts 
were made at bacteriological control by adding 
reputed bactericides or bacteriostatics. The batch 








5°5 6°0 7-0 


8-0 9-0 10-0 


pH. 


Fig. 1. Survival of adult Fasciola hepatica in different pH buffer mixtures. Each symbol is the mean surviva 
time of a batch of seven worms. Each type of symbol represents the results of a different experiment. 


compared with past experiments. These differed 
from the experimental ones only in that the fluid 
was not evacuated, and the liquid paraffin omitted. 

Attempts to measure the oxygen tension of the 
fluids by the Winkler method were unsuccessful, 
because of the reducing powers of the glucose. The 
oxygen tension of distilled water, similarly treated, 
was approximately one-third of that of a saturated 
solution at 38°C. The results obtained are as 
follows: Controls: fourteen batches of five worms, 
mean batch survival time 44-8 hr., standard error 





survival times and those of controls are given in 
Table 4 (a). This shows that three of the substances 
used (acriflavin, merthiolate, silver protein) are too 
toxic to be employed, while the fourth (sulphanila- 
mide) produces no change in survival time at high 
concentrations. It was ineffective at controlling 
bacteria in presence of peptone (see p. 117). None 
of these substances is suitable for inclusion in the 
experimental medium. 

Substances decreasing life in vitro may be of value 
as anthelmintics, and the toxicities of the above 
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Table 2 
No. of 
batches 
Substance and of worms 
concentration c. 8 
in mM, each 
NaCl: 58 6 
85 6 
115* 27 
150 8 
190 6 
230 6 
KCl: 2-5 6 
5-0* 27 
10-0 8 
20-0 6 
40-0 6 
CaCl,: 0 6 
0-65 6 
1-00* 27 
3-40 6 
8-10 6 
Borax: 2-1 6 
4:3 6 
6-4 6 
8-5* 27 
17-0 6 
34-0 6 


Mean 

survival 

time in S.E. of 
hr. to mean to 

nearest nearest 

0-1 0-01 

30:0 3-60 
36-7 2-58 
40-0 1-99 
41-6 2-78 
38-2 3-57 
35-3 2-60 
38-1 1-00 
40-0 1-99 
43-9 3°23 
41-0 1-38 
38-2 3°46 
23-1 1-57 
40°5 2-00 
40-0 1-99 
37-9 2-01 
30:3 1-31 
33:3 3-94 
45-4 4:69 
46-7 2-13 
40-0 1-99 
32-7 0-67 
16-0 2-03 


* Controls in saline II of following composition: 
NaCl 115 mM., KCl 5 mM., CaCl, 1 mM., Borax 8-5 mM.; 


containing 30 mM. glucose. 


Compound 


(a) Acriflavin 


Sodium merthiolate 


Silver protein 
Sulphanilamide 


(6) Gentian violet 


Ethylene dichloride 


Carbon tetrachloride 


(c) Malachite green 


Trypan blue 


Table 3 
Mean 

No. of survival S.E. of 

batches time in mean to 

Temp. of worms hr. to nearest 
°C. e. 8 each nearest 0-1 0-01 
17-9 8 40-0 0-40 
23-5 12 52-6 0-89 
32°5 8 56-7 2-29 
35-2 13 57-7 2-61 
36-2 8 60-5 2-63 
37-6 27 49-8 1-66 
38-4 7 45-1 3°22 
40-7 7 26-4 0-74 
43-7 7 4:7 0-33 
47-0 7 0-9 0-03 


Table 4 


Concentration 
1/2000 
1/20,000 
1/10,000 
1/10,000 
1/1000 
1/10,000 
1/1000 
1/1000 
1/5000 
1/50,000 
1/5000 
1/10,000 
1/10,000 
1/10,000 
1/5000 
1/50,000 
1/500,000 


1/1000 
1/2000 
1/5000 
1/50,000 


Median batch 
survival times 


16 16 16 
16 16 16 
16 15 17 
16 16 16 


16 16 17 
21 25 29 
44 45 4° 
58 63 — 


16 16 16 
28 31 33 


18 18 19 
34 35 39 


dd 46 50 
46 48 51 


16 16 16 
16 16 16 
18 20 22 


16 16 16 

8 48 48 

57 64 70 
53 55 55 60 60 65 
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Control median batch 
survival times 
38 44 56 
45 45 46 
40 47 47 
45 45 46 


40 47 47 
45 45 46 


40 49 49 
48 50 60 


38 44 56 
45 49 52 
45 48 55 
45 48 55 
45 48 55 
45 49 52 
38 44 56 
45 49 52 
50 50 64 
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compounds were therefore compared with those of 
established anthelmintics (gentian violet, ethylene 
dichloride, and carbon tetrachloride). Corked 
vessels were used for the volatile substances as in 
the controls of the ‘anaerobic’ experiments (p. 119). 
The results (Table 4 (b)) are interesting in that none 
of the anthelmintics is particularly toxic. Thus in 
1/5000 gentian violet the worms live c. 16 hr., and 
carbon tetrachloride is apparently completely non- 
toxic. 

Chu (1938, 1940) has studied the effect in vitro of 
various dyes upon Opisthorchis. Malachite green and 
gentian violet were extremely toxic, while Prontosil 
and trypan blue increased life in vitro. Gentian violet 
has already been dealt with, and Prontosil is pre- 
sumably similar to sulphanilamide, so that malachite 
green and trypan blue remain. The results obtained 
with these substances are given in Table 4 (c). These 
results, and those previously given, show that a 
reasonable similarity exists between the toxicity 
relationships of Opisthorchis and Fasciola, with the 
possible exception that gentian violet is relatively 
less toxic to Fasciola. The results of these pre- 
liminary tests with trypan blue show that, as with 
Opisthorchis, there is an increased life under in vitro 
conditions, with a similar optimum concentration 
of c. 1/5000. Further experiments were carried out 
(at 37-6° C.) with 1/5000 trypan blue with results as 
follows: 1/5000 trypan blue, seventeen batches of 
eight worms each, mean batch survival time 57-0 hr., 
standard error of mean 1-90. Controls: twenty-seven 
batches of eight worms each, mean batch survival 
time 49-8 hr., standard error of mean 1-66. 

The present section shows that survival is pro- 
longed in 1/5000 trypan blue, but not in certain 
bactericidal and bacteriostatic agents, some of 
which are toxic to the fluke. Most of them are more 
toxic than established anthelmintics, and the most 
effective of the latter (carbon tetrachloride) is com- 
pletely innocuous, at least under the present some- 
what abnormal conditions. 


DISCUSSION 


(a) Validity of previous experimental work. In 
previous work scant attention was paid to the 
normality or otherwise of the experimental con- 
ditions. Ordinary types of Ringer solutions have 
been employed, and it has been assumed that absence 
of food is the only abnormality. If survival time is 
& measure of ‘normality’ then the present work 
shows that Ringer solution is far from suitable. In 
particular, worms survive longer at pH 8-2—-8-6 than 
at c. 7-1. The higher values agree reasonably well 
with more recent determinations upon bile (7-8—8-6 
for human fistula bile (Ottenburg & Kahn, 1932); 
8-7-9-1 for guinea-pig gall bladder bile (Krantz, 
Feldmanu, Morrison & Carr, 1936)). 


WILLIAM STEPHENSON 
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Weinland & von Brand (1926) claim that the 
worm is anaerobic in its metabolism, and base this 
conclusion partly upon the fact that the CO, output 
in Ringer is relatively low. If experiments are per- 
formed in an insufficiently alkaline medium, the 
CO, production may well be relatively low, lower in 
fact than normal. The work of Harnisch (1932) is 
open to similar criticism. 

It was evident throughout that control of the 
bacterial flora was a most important factor in pro- 
longing survival. It is difficult otherwise to account 
for the importance of the presence of borates (see 
p-. 120), which are not present in the normal environ- 
ment, and are, in fact, toxic at too high a concentra- 
tion. Weinland & von Brand could only guarantee a 
life of 5 hr. for their flukes, and lack of control of 
bacteria would certainly contribute to their early 
death. Slater (1928) has criticized much of the work 
of Weinland’s school upon anaerobiosis on the 
grounds that bacteria were probably present and 
that the anaerobiosis which was demonstrated was 
essentially that of the bacteria. The present work 
adds additional weight to Slater’s criticisms. 

In the present work it is shown that the flukes die 
sooner in media of reduced oxygen tension, and this 
casts additional doubt upon Weinland & von Brand’s 
conclusions. Probably the most important evidence 
comes from the more recent determinations of the 
oxygen concentration of bile (0-19—0-89 vol.%, Buck- 
master & Hickmann, 1926). If, as these values sug- 
gest, bile contains about the same amount of oxygen 
as a saturated aqu.ous solution, the need for postu- 
lating an anaerobic mode of life is still less justifiable. 

(b) Feeding experiments. Attempts at feeding by 
adding bile and protein were unsuccessful, but 
addition of sugars prolonged life. Evidence has been 
presented to suggest that not only are sugars able 
to enter by the body wall, but that this is the main 
way they are entering. Jn vivo, feeding occurs by 
way of the gut and, therefore, under experimental 
conditions the worms are feeding in an abnormal 
manner. In addition, the diet is abnormal since 
there is a complete absence of nitrogen in the sugary 
solutions. For increased survival provision of 
nitrogen will be required, but the preliminary work 
which has been performed shows that serious diffi- 
culties with bacteria will occur. Before attempting 
to feed the flukes upon more complicated mixtures, 
the present uncertainty as to the food in vivo should 
be clarified (Sommer, 1880; Macé, 1882; Railliet, 
1890; Miller, 1923; Hsii, 1939). 

(c) Variations in physico-chemical conditions. 
Wide ranges of osmotic pressure, whether these are 
produced by NaCl (Table 2) or sugars (Table 1) have 
little effect on survival. This is interesting because 
considerable osmotic variations are likely in the 
normal environment (Schopfer, 1932; Sobotka, 
1937, p. 52). 
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The calcium concentration of ‘bile also varies 
considerably (Drury, McMaster & Rous, 1923). The 
present work shows (Table 2) that these variations 
may be sufficient to produce adverse effects on the 
fluke. The pronounced calcification of infected 
bovine ducts is of interest in this connexion. The 
fact that carbon tetrachloride causes a marked 
disturbance in the calcium metabolism of the host is 
of even greater interest (Lamson, Minot & Robbins, 
1928; Minot, 1927; Minot & Cutler, 1928). This may 
explain why it is an effective anthelmintic when 
given to the host, while it has no effect upon the 
fluke in vitro. 


SUMMARY 


1. In an alkaline inorganic solution containing 
borate, no bacterial disintegration of tissues occurs 
in a week. 

2. Survival is prolonged by adding sugars to this 
solution, but not by the addition of bile salt or 
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peptone. Monosaccharides are more effective than 
disaccharides, and both may enter the worm through 
its body wall. 

3. The effect of variations in certain physico. 
chemical conditions was studied. Wide ranges of 
osmotic pressure, of the K/Naratio, and of the Ca/Na 
ratio, have little effect on the worms. The optimum 
pHisc. 8-4, and the optimum temperature c. 36° C, 
Approximately anaerobic conditions decrease the 
survival time. 

4. The effect of various bactericides, bacterio- 
statics and anthelmintics upon the worm were 
investigated in a preliminary manner. Many bacteri- 
cides are toxic, certain anthelmintics are not. 
Survival is prolonged by 1/5000 trypan blue. 

5. Asatisfactory medium for large-scale ‘cultur- 
ing’ is: NaCl 150 mM., KCl 10 mM., CaCl, 1 mM., 
borax 6 mM., glucose 30 mM. (pH 8-6). In this the 
worms survive for c. 60 hr. at a temperature of 
36° C. 
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PHYSIOLOGICAL AND HISTOCHEMICAL OBSERVATIONS ON 
THE ADULT LIVER FLUKE, FASCIOLA HEPATICA L. 


Il, FEEDING 


By WILLIAM STEPHENSON, Pu.D., Department of Zoology, The University, Bristol* 


(With 1 Figure in the Text) 


INTRODUCTION 


Previous work (Stephenson, 1947a) has indicated 
the difficulties which are encountered in attempting 
to keep flukes alive in vitro in simple saline solutions. 
This work suggested the desirability of using bio- 
chemically complicated media. As a first step it is 
necessary to know what the fluke feeds upon in vivo. 
To date there has been a considerable volume of 
work, without any final conclusions being reached. 
An historical account of this work is given below. 
According to Kiichenmeister, quoted by Leuckart 
(1886-1901), the earliest workers considered that the 
fluke feeds on bile. Kiichenmeister himself ob- 
tained a negative ‘Gallinreaction’ on the gut 
contents of the fluke, and so did not share this view. 
Sommer (1880), as a result of histological observa- 
tions, considered that the food consists of erythro- 
eytes and bile-duct epithelium. He thought that 
the dark pigment, which stains the faecal material, 
was derived from the bile pigments. Macé (1882, 
not available in the original), as a result of histolo- 
gical work, concluded that the fluke feeds on bile. 
The dark pigment from the gut was examined by 
spectroscopic methods, and Macé describes it as 
an ill-defined product, ‘bilihumin’. Railliet (1890) 
injected plaster containing a blue dye (‘platre a 
mouler 500 g., bleu d’outremer 45 g., eau 100 g.’) 
into the arterial system of infected sheep, and later 
examined the bile and the flukes contained therein. 
Both plaster and dye were present in the intestines 
of many flukes, but the dye at least was absent from 
the bile. Railliet concluded that the material reached 
the fluke directly from the blood vessels and that 
blood forms the main food. Miiller (1923) has 
criticized Railliet’s conclusions on the grounds that 
the dye may have been present in the bile in the 
form of a leucobase whose colour reappears when the 
bile is taken into the intestine of the fluke. This 
seems improbable on general grounds. Miiller also 
thought that the dye may reach the gut of the fluke 
via the liver tissues rather than direct from the 


* Now at Dove Marine Laboratory, Cullercoats, 
Northumberland (University of Durham). 





blood vessels. It is true that the dye may have 
reached the fluke in this manner, but this could 
hardly apply to the plaster. In general Miiller’s 
criticisms of Railliet’s work appear insecurely 
founded. Miiller concluded, after histological in- 
vestigations, that the food consists of the viscous 
proteinaceous contents of the bile ducts, desqua- 
mated bile-duct epithelium, and emigrated leuco- 
cytes. Flury & Léeb (1926) made spectroscopic 
analyses of the saline in which worms had been kept 
for an hour, and detected haemoglobin, oxyhaemo- 
globin, and methaemoglobin. They concluded that 
blood had been contained in the intestines and later 
freed to the saline. Weinland & von Brand (1926) 
showed that Fasciola can feed on blood clots in vitro, 
and observed the entry of blood into the gut branches. 
As a result of biochemical analyses they considered 
that, in the sheep, feeding takes place in the smaller 
bile ducts. Hsii (1939) examined ten worms histo- 
logically, and found in all cases that red and white 
blood corpuscles were present in the gut lumen. The 
proportions of the two kinds of corpuscles were 
approximately the same as in normal blood. A small 
amount of bile-duct epithelium was also present in 
most cases. This work was performed on a relatively 
small number of worms from a single host which was 
also infected with Dicrocoelium. 

In general the above results are confusing and 
conflicting, but with the exception of Macé and 
Miiller, all seem agreed that blood forms the main 
food. Miiller’s work is still generally accepted 
(Yonge, 1928). 


HISTOLOGICAL INVESTIGATION 


The gut contents of about fifty worms were removed 
by dissection or by compressing to the point of 
causing forced defaecation. Smears were examined 
either fresh or after fixing and staining by a variety 
of the usual techniques. Most smears were badly 
contaminated with Fasciola tissues, and after this 
had been discounted, the only recognizable elements 
consisted of red and white blood corpuscles in ap- 
proximately the normal proportions. 
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Fifty flukes from sheep and cattle were variously 
fixed and sectioned after wax embedding. These 
were stained with Delafield’s, haematoxylin and 
eosin, and with Heidenhain’s haematoxylin and 
orange G. As before, the only recognizable elements 
in the gut of the fluke consisted of red and white 
blood corpuscles. 

Infected bile ducts from sheep were fixed in 
Bouin-Allen, sectioned, and stained by Mallory, 
van Geisen, and by Bauer’s glycogen method 
(Lison, 1936). Thirty flukes were similarly treated. 
The lining of the infected ducts nearest to the liver 
parenchyma consists of a thick collagenous layer, 
but collagen was never found in the lumen of the 
fluke’s gut. This suggests that the fluke feeds on 
materials lying nearer to the centre of the duct than 
the collagen. These materials comprise mucous 
connective tissue, racemose glands, blood vessels, 
and bile-duct epithelium. The racemose glands stain 
conspicuously by the glycogen method, but glycogen 
was never found in the lumen of the fluke’s gut. The 
bile-duct epithelium and the mucous tissue were not 
sufficiently distinctive from a histological point of 
view to permit of certain identification after macera- 
tion, i.e. within the parasite. 


HISTOCHEMICAL INVESTIGATION 


The intestine of the fluke is often filled. with a dark 
brown finely granular material. This is probably 
derived from the food, and if identified should pro- 
vide information as to the nature of the food. Macé 
(1882, quoted by Railliet, 1890) has described this 
as an ill-defined substance, ‘bilihumin’. 

After fixation in formalin or Bouin (or absolute 
alcohol) the pigment is not dissolved when treated 
for a week at laboratory temperatures with: water, 
absolute ethyl alcohol, chloroform, carbon tetra- 
chloride, acetone, diethyl ether, petrol ether (40—- 
60° C.), carbon disulphide, and xylol. Its colour is 
changed, but it is insoluble in 3N sulphuric, hydro- 
chloric, and acetic acids (at laboratory temperature). 
It is also insoluble in 3N caustic soda, caustic 
potash, and ammonia. It is bleached by: con- 
centrated nitric acid, nascent chlorine (HCl+ KC10,) 
chromic acid (followed by aqueous SO,), permanga- 
nate (followed by oxalic acid), bromine water, 
neutralized hydrogen peroxide, and by diaphanol. 
This combination of properties, according to Lison 
(1936, § V), denotes either melanin or the malarial 
pigment. The present pigment was identified as the 
latter by its solubility in sulphuric alcohol (one part 
concentrated acid, nine parts 90 % alcohol), by 
giving a negative argentaffin reaction (Lison, 1936), 
and by showing weak pseudoperoxidase properties 
(when benzidine is used, see Lison, 1936). The 
malarial pigment has been conclusively identified 
as haematin by Sinton & Ghosh (1934), Ghosh & 
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Nath (1934), Devine & Fulton (1941), and Morrison 
& Anderson (1942). The Fasciola gut pigment was 
therefore examined micro-spectroscopically for 
haematin. In this examination, a Zeiss direct vision 
spectroscope was mounted over a microscope. This 
was focused on a gut section such that the contained 
pigment filled the entire field. The characteristic 
absorption band of acid haematin at 650) was 
observed (see Cole, p. 317). 

Sections of various thicknesses were then cut from 
worms fixed in Bouin which contained the haematin 
pigment at approximately its densest. The pigment 
concentration was estimated by noting which of the 
sections were just thick enough to give the acid 
haematin band, and also the main band of its am- 
moniacal haemochromogen derivative. The thick- 
ness of these sections was compared with that of 
diluted blood giving similar bands. The pigment is 
extraordinarily dense, and corresponds to about a 
sixfold concentration of blood. It is evident that 
blood forms the main food of the fluke, and that 
haematin is greatly concentrated in the gut in the 
form of faeces. 

Haematin has been identified in the gut of 
Schistosoma by Rogers (1940). This is less surprising 
than in the case of Fasciola, since the former parasite 
lives inside blood vessels. There have been many 
records of melanie symptoms in fishes infected with 
trematodes (Ryder, 1884; Linton, 1900; Gamble & 
Drew, 1911; and Hsiao, 1941). The physical pro- 
perties of melanin and haematin are very similar, 
and it is conceivable that the ‘melanic’ symptoms 
are really due to haematin production. 


OBSERVATIONS UPON LIVING FLUKES 


Active worms were placed upon clotted sheep’s 
blood contained in saline at 37-0° C. Within 10 min. 
most specimens had attached themselves to the clot 
by both suckers. The trematodes frequently moved 
short distances over the surface of the clot by 
‘looping’ movements due to contraction and ex- 
tension of the anterior part of the body, with attach- 
ment and release of the appropriate suckers. During 
this movement, and at other times, undulating 
movements were observed in the posterior part of 
the body, particularly in its lateral margins. Within 
30 min. most specimens contained blood in their 
intestines, and in about 3 hr. in some individuals 
almost the entire gut was filled with blood or its 
derivatives. As the blood entered the gut, it passed 


_ directly either to the right or the left intestinal 


branch, and in some cases the gut branch and the 
subbranches of one side were almost completely 
filled before the filling of the other side commenced. 
The materials within a gut branch are churned about 
by local contractions which squeeze the contained 
material from one channel to another. This mixing 
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of the contents makes it difficult to follow the details 
of the changes which occur. Most of the changes 
below were observed at the extreme ends of the sub- 
branches, where mixing is at a minimum. 

Almost immediately the oxygenated blood has 
entered the worm, it goes a bluish red colour strongly 
resembling that of haemoglobin. It was not possible 
to confirm this spectroscopically for the following 
reasons: (1) when inside the fluke, the absorption 
bands are masked by those of a generally occurring 
tissue haemoglobin (Stephenson, 19476); (2) when 
removed from the fluke aeration has been unavoid- 
able, the colour and spectrum being then charac- 
teristic of oxyhaemoglobin. The colour of the 
original material, and its rapid conversion to 
oxyhaemoglobin, are alike strongly suggestive of 
haemoglobin. 

In the course of about an hour, the density of the 
haemoglobin in the gut branches deepens very 
markedly, and absorption fluid must be occurring. 
In about 3 hr. the haemoglobin is even more con- 
centrated, and the blood in some of the gut branches 
shows signs of haemolysis. At about the same time, 
a proportion of the haemoglobin is converted into a 
brown granular pigment superficially identical with 
that found in worms just removed from their hosts. 
This brown pigment gives the characteristic spectrum 
of acid haematin, both in situ and after removal. On 
removal to saline, there are no further obvious 
changes until defaecation of haematin occurs some 
24 hr. later. 

It is concluded that during the course of the above 
the blood: (a) is removed from the clot, (b) has its 
oxyhaemoglobin reduced to haemoglobin, (c) is 
concentrated by removal of fluid, (d) is haemolysed, 
(e) has its haemoglobin converted to acid haematin. 
It is conceivable that removal of blood from the clot 
is due to external digestion, but no definite proof was 
obtained. It is of interest to note that digestion of 
blood by the parasitic nematodes Strongylus 
edentatus and Ascaris lumbricoides follows roughly 
the same course (Rogers, 1941). 

The presence of acid haematin in the gut suggests 
digestion in an acid medium. Attempts were made 
to measure the pH of the intestinal contents by 
injecting strong indicator solution into the gut 
through the body wall. Only worms with empty 
intestines could be used for these experiments, 
otherwise complications are caused by the presence 
of blood pigments. The results obtained are given 
in Table 1. 

The method bristles with both theoretical and 
practical difficulties and these are reflected in the 
variability of the results. The results shown in 
heavy type are of most importance, and suggest an 
acidic fluid with a pH value of about 6-4. In 
Strongylus and Ascaris (Rogers, 1941) protein 
digestion is due to a trypsin-like enzyme with an 
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optimum pH of 6-2, which is very close to the pH of 
Fasciola gut fluid. 


Table 1. pH values of the intestinal contents of 


Fasciola 
Indicator pH values, each on a single worm 

Bromo-cresol green > 5-2 >5-2 > 5-2 
Methyl red > 6-0 > 6-0 > 6-0 
Bromo-cresol purple > 6-2 c. 6-2 c. 6-0 
Chloro-phenol red 6-4 > 6-4 > 6-4 
Bromo-thymol blue 6-4 6:2 6-4 
B.D.H. universal 6-0-7-0 6-0-7-0 — 

Phenol red 6:8 <6-8 <6-:8 
Diphenol purple <7-2 <7-4 <7-4 
Cresol red <7-2 <7:2 <7-2 


THE GUT EPITHELIUM 


Sommer (1880) and Miiller (1923) have noted that 
this epithelium is composed of a single layer of cells 
of essentially constant structure. The only obvious 
variation in structure is in the height of the cells, 
which vary from a columnar to a squamous form. 
Miller considers, no doubt correctly, that these 
represent similar cells under different conditions. 
The surfaces of the cells which border the lumen 
possess numerous fine protoplasmic processes or 
pseudopodia, which form an indistinct brush border. 
Miller has pointed out that Sommer’s work is often 
misquoted to indicate that these pseudopodia are 
responsible for ai:aoeboid ingestion, which certainly 
does occur in Aspidogaster and in the Turbellaria 
(Voeltzkow, 1888; Westblad, 1922; Willier, Hyman 
& Rifenburgh, 1925). Sommer thought that digestion 
was extracellular, as did Miiller himself. It is certain, 
from the writer’s own observations on the changes 
which take place when blood is ingested (p. 125), 
that conversion of haemoglobin into haematin does 
occur extracellularly. 

Miiller thought that the shorter cells in the gut 
epithelium represent a phase immediately following 
the secretion of digestive enzymes, and that the 
longer columnar cells corresponded to a _ post- 
absorptive phase. His evidence is slight, and is 
mainly based on the assumption that a short cell is 
necessarily a small one. To test this assumption, the 
volumes of cells of various heights were determined. 
The heights of the cells were measured with a 
calibrated eyepiece micrometer, the middle of the 
brush border being taken as the outer boundary of 
the cell. The cross-sectional areas were measured by 
counting the number of nuclei in a strip of epi- 
thelium 10y thick and of known length. From this 
and the height, the volume was computed. On 
Fig. 1 cell volumes are plotted against cell heights. 
This figure shows that cell volumes are virtually 
independent of cell heights, if due allowance is made 
for the variation in the material, and the errors of 
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the method. The flat cells are proportionally thicker 
than the columnar cells, and are almost certainly 
produced by stretching the epithelium as the lumen 
distends. Miiller’s conclusions on this matter are 
no longer tenable. 

Observations during the digestion of blood by the 
fluke in vitro indicate that the gut epithelium has an 
absorptive function. The later stages of blood diges- 
tion are accompanied by the appearance of a con- 
spicuous red coloration localized in the gut 
epithelium. The epithelium cells at this stage give 





Physiological and histochemical observations on the adult liver fluke 


INCOMPLETE OBSERVATIONS 


Much of the above work would have been extended 
if continuance of the investigation had been possible, 
The work outlined below is even more incomplete, 
and is mainly given in the hope of being of value to 
future investigators. 

(1) Survival in vitro. Blood forms the main food 
in vivo, and the fluke will feed on blood in vitro, 
It ought to be possible, therefore, to increase 
survival times in vitro by feeding on blood. Pre. 
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Fig. 1. Dimensions of the gut epithelium cells. Each symbol is the mean of several determinations each 
upon a different strip of approximately five cells (fixed in absolute alcohol). The number of strips 
measured to give the mean results are indicated in parentheses. 


a faint pseudoperoxidase reaction with benzidine 
(Lison, 1936, p. 249). Probably haematin, or possibly 
haemoglobin, is being absorbed by the epithelium 
from the lumen. A day or so later the colour dis- 
appears from the gut cells, and there is an increase 
in the amount of oxyhaemoglobin in the body 
generally (Stephenson, 1947). 

In conclusion, Miiller’s main hypothesis that each 
epithelial cell secretes digestive enzymes into the 
gut lumen, and also absorbs the digested material, 
is most probably correct. The various phases of this 
process cannot be correlated with certainty with 
any gross changes in the form of the cells. 


liminary attempts at this have been conspicuously 
unsuccessful, the median survival time of the best 
batch of seven worms being 40 hr., as against an 
average survival time of 60 hr. in saline (Stephenson, 
1947a). This lack of success is no doubt due to 
bacterial contamination of both flukes and blood, 
which it has been impossible to avoid under existing 
arrangements for collection. It had previously been 
noted that when the worms are kept in saline, the 
first signs of unhealthiness are usually accompanied 
by bacterial infection of the gut epithelium. This 
infection generally appeared first in those worms 
which had full guts at the time of collection. Feeding 
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the flukes on blood in vitro merely seems to hasten 
the onset of these bacterial infections. 

(2) Food other than blood. When the trematodes 
are kept in saline they often become attached to 
each other in clumps of up to a dozen. It was 
originally thought that this might be of copulatory 
significance. However, the attachment takes place 
at any portion of the body, not merely near the 
reproductive pore or near Laurer’s canal. In 
addition, penes were never inserted between attached 
individuals. Superficial damage was caused to the 
tissues, and the areas of attachment became the 
foci of subsequent bacterial attacks. It is con- 
ceivable that, in the unusual conditions occasioned 
by immersion in saline, the flukes were trying to 
feed on each other. 

When placed on other material such as bile-duct 
wall and liver parenchyma, the flukes adhere to it 
much as they do to a blood clot. These materials 
were not observed to enter the gut, but localized 
roughening of the materials was frequently observed, 
as if small quantities had been dissolved or abraded 
away. All these observations suggest that, while 
blood is the main food, other materials may be used, 
at least under abnormal conditions. 
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SUMMARY 


1. The adults of Fasciola hepatica feed mainly, 
if not exclusively, on blood. 

2. The oxyhaemoglobin of the blood is converted 
to haemoglobin, and then to acid haematin, the pH 
of the empty gut being about 6-4. 

3. The blood is concentrated by the removal of 
fluid, and haemolysis eventually occurs in the lumen 
of the gut. Some of the haematin is absorbed by the 
epithelial cells, and the remainder is concentrated 
as faeces. 

4. The gut epithelium is responsible for extra- 
cellular digestion and absorption, but there is little 
evidence that the major changes in its appearance 
are associated with particular phases of this process. 

5. Attempts at increasing survival times in vitro 
by using blood as food have failed to date because of 
bacterial contamination. 


The writer wishes to express his deep gratitude 
to Mr Gibbs, Meat Inspector at Hotwells, Bristol, 
for invaluable assistance in procuring specimens. 
The work was assisted by a grant from the Colston 
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PHYSIOLOGICAL AND HISTOCHEMICAL OBSERVATIONS ON 
THE ADULT LIVER FLUKE, FASCIOLA HEPATICA L. 


Ill. EGG-SHELL FORMATION 


By WILLIAM STEPHENSON, Pu.D., Department of Zoology, The University, Bristol* 


(With Plate ITI and 4 Figures in the Text) 


INTRODUCTION 


It is now generally agreed that Mehlis’s gland, the 
so-called ‘shell gland’ of trematodes, is not primarily 
responsible for secreting the material forming the 
egg shell. This material is mainly derived from 
globules or granules previously contained in the 
vitelline cells. The functions of Mehlis’s gland are 
therefore obscure. Tyzzer (1918) and Dawes (1940) 
claim that it forms the outer lamella of the shell, to 
which the vitelline granules adhere. Henneguy 
(1902, 1906-7), Tyzzer, and Ujiie (1936a, 19366) 
consider the glands are responsible for the liberation 
of the globules from the vitelline cells, and for their 
subsequent coalescence. Leuckart (1886-1901) and 
Ujjiie (19365) believe that the glands are responsible 
for hardening the newly formed shell. Goldschmidt 
(1909) and Kouri & Nauss (1938) consider that the 
glands are in no way concerned with shell formation, 
and assume, on the basis of similarity in structure 
to the prostate, that they perform a lubricatory 
function. It is probable that the glands are in some 
way connected with shell formation, because in 
those trematodes without Mehlis’s glands such as 
Zoogonus (Goldschmidt, 1905) and Zoogondéides 
(Stunkard, 1943), the egg shell is poorly developed 
and is thin, flexible and membranous. —~ 

A knowledge of the chemical nature and physical 
properties of the egg shell, and of the vitelline cell 
granules, should clarify the position. Thomas (1883) 
states that Fasciola egg shells are ‘chitinous’, but 
at that time the word had little chemical significance. 
Henneguy (1906-7) showed that the vitelline cell 
granules were insoluble in lipoid solvents, went 
brown in bichromate fixatives, and had an affinity 
for basic dyes. Vialli (1933), using histochemical 
methods, has shown that the vitelline granules 
contain an ortho-dihydroxyphenol. This important 
fact was not correlated with the formation of the 
egg shell, and Vialli considered that the presence of 
the phenol might account for some of the harmful 
effects on the host. 


* Now at Dove Marine Laboratory, Cullercoats, 
Northumberland (University of Durham). 


THE PHYSICOCHEMICAL NATURE OF 
THE EGG SHELL 


In Fasciola, the egg shells are converted from a 
colourless to a brown material as they ascend the 
uterus. The tests below were carried out on the 
brown (mature) shells, or upon the recently formed 
colourless shells, or upon the vitelline cell granules, 
The first tests were carried out upon material fixed in 
Bouin or absolute alcohol, and examined in sections 
after wax embedding. Later tests were performed 
on unfixed material from the living worm. 

The mature egg shells are remarkably resistant 
to the action of acids, and are not obviously affected 
by immersion either in cold dilute, or cold con- 
centrated, hydrochloric, nitric, or sulphuric acids. 
On boiling in concentrated fuming nitric acid they 
are converted into a yellow globular mass. They are 
unaffected by immersion for 3 days in thrice normal 
caustic soda solution, but dissolve in about 3 min. 
in pure fused caustic soda. They are unaffected by 
fat solvents, and are not stained by lipoid stains 
(Sudan III, Sudan IV, Black Sudan). There are only 
three known types of animal membranes whose 
resistance is in any way comparable to the above; 
these are chitin, keratin and sclerotin. 

Tests for chitin were carried out on the uterine 
contents of large numbers of flukes, after dissolving 
in fused caustic soda. Negative results were ob- 
tained with the iodine-dilute sulphuric acid test 
(von Wisseling), and the chitosan nitrate test 
(Brunswick). Schultze’s histochemical test (after 
diaphanol treatment) likewise gave negative results, 
not only on the brown and the colourless egg shells, 
but also on the vitelline cell granules. The details 
of these tests are given by Lison (1936). 

Tests for keratin, which are essentially tests for 
organic sulphur, were also performed. Uterine 
contents were dissolved in fused caustic soda, 
diluted, and lead acetate solution added. A slight 
brown precipitate was obtained, probably due to the 
cells contained within the egg shells. Histochemical 
tests were carried out with sodium nitroprussiate 
(Lison, 1936) on formalin fixed material. Positive 
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results were obtained for the peripheral parenchyma, 
but never with the shell or its precursors. 

Sclerotin (Pryor, 1940) is a quinone tanned 
protein, which forms the ootheca of the cockroach. 
The quinone is derived by oxidation of an ortho- 
dihydroxyphenol. Sclerotin and the matured egg 
shell of Fasciola are similar in all the properties 
detailed to date, and also in the following respects: 
(1) both are unaffected by immersion in lithium 
jodine solutions, (2) both are soluble in sodium 
hypochlorite solutions, but not in sodium sulphide 
solutions, (3) both during their maturation show the 
following changes: shrinkage, increasing hardness 
and brittleness, decreased permeability, and the 
development of a brown colouration. 

Vialli (1933) has already shown that the vitelline 
cells of Fasciola contain one of the precursors of 
sclerotin, the ortho-dihydroxyphenol. Vialli’s work 
was repeated, and histochemical tests for poly- 
phenols described by Lison (1936) were carried out 
on sectioned vitelline cells. The vitelline cell granules 
are densely blackened on immersion in ammoniacal 
silver nitrate solution, and give a light brown colour 
with bichromate solutions. On immersion in a con- 
centrated solution of sodium iodate, the granules 
become a light brown colour after 18 hr. The alkaline 
diazo reaction, using benzidine gives a fleeting 
positive reaction, and a green colour is obtained 
with ferric chloride solution, this going violet on 
addition of ammonia. Ammonium molybdate 
solution in dilute acetic acid gives a brown colour. 
The combination of positive results obtained 
above, indicates the presence of an ortho-dihy- 
droxyphenol, and completely confirms Vialli’s 
findings. 

Tests for proteins described by Lison (1936) were 
then performed on the vitelline cell granules. Many 
of these tests gave positive results which might have 
been due to the presence of the polyphenol con- 
stituent, for example, the Millon, Xanthoproteic, 
Quinone, and Axenfeld tests. Other methods were 
much too drastic for accurate localization of the 
colour reaction, for example the orthophosphoric 
acid, glyoxylic acid, and p-dimethyl-amino-benz- 
aldehyde tests (Lison, 1936). Two tests only gave 
unambiguous results. Positive results were obtained 
with the ninhydrin test (after alcohol, but not after 
formalin fixation), showing the presence of «-amino 
acids. Positive results were also obtained with a 
histochemical modification of Sagaguchi’s arginine 
test (Baker, 1944). This last result is particularly 
significant, in demonstrating the presence of 
abundant NH and NH, groups, which would be 
involved in quinone tanning. 

It was suspected at an early stage that Mehlis’s 
gland may produce the protein constituent for the 
egg shell. The secretion of this gland is not pre- 
cipitated by histological fixatives, nor does it react 
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to any of the protein or polyphenol tests. The 
vitelline cell granules contain both, and probably 
all, the protein and polyphenol required for sclerotin 
formation. After the shell forms, and as it matures, 
the intensity of the polyphenol and protein re- 
actions decreases, as occurs in sclerotin formation. 
It is concluded that Fasciola egg shell is composed 
of a quinone tanned protein-sclerotin. 

Pryor (1940) states that the cockroach ootheca 
is isotropic. In optical section, the egg shell of 
Fasciola shows negative radial birefringence, and in 
surface view the shell is isotropic. This arrangement 
is characteristic of concentric lamellae, the individual 
micelles of each lamella being orientated at randon 
in the plane of the lamella. Immersion in fluids of 
refractive index from 1-33 (water) to 1-74 (methy- 
lene-iodide), gave no appreciable change in the 
birefringence, which is therefore largely intrinsic 
in character. The recently formed egg shell is 
isotropic, so that orientation and/or micelle forma- 
tion takes place during the tanning process. Apart 
from these results with polarized light, no indications 
of heterogeneity of structure were obtained. The 
shell appears perfectly homogeneous on micro- 
scopic examination, and tests failed to show the 
presence of lipoids. 

In Pryor’s case the protein and polyphenol con- 
stituents are produced in different glands, the right 
and left colleterial glands respectively. In the 
present case, they are produced in the same globules 
of the same cells. The nature of the association 
between the two constituents, and the reason they 
are not prematurely converted into sclerotin, are 
therefore matters of interest. The Mehlis’s gland 
region is of possible importance in this connexion, 
and was therefore further investigated. 


THE ANATOMY AND HISTOLOGY OF 
THE MEHLIS’S GLAND REGION 


Sections through this region (PI. IT, fig. 1) could not 
be interpreted by reference to accepted diagrams 
(e.g. Brumpt, 1936, p. 570) which are derived from 
Sommer (1880). Schubmann’s work (1905) and 
that of Henneguy (1906-7) are not in complete 
agreement, while Kouri & Nauss (1938) were unable 
to identify Laurer’s canal or the oviducal termina- 
tion with any certainty. A thorough investigation 
of the general anatomy of this region was therefore 
unfortunately essential. Flukes were fixed, without 
compression, in formalin, absolute alcohol, or Bouin, 
and embedded in paraffin. Serial sections were 
stained with Delafield’s haematoxylin and eosin, 
and from these sections, reconstructions were made. 
The conclusions obtained were verified by exam- 
ination of compressed intact living worms, and 
from living extirpated Mehlis’s glands. 
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The major ducts traversing Mehlis’s gland 


Sommer has shown that vitelline cells and ova 
enter Mehlis’s gland, and that the uterus leads out. 
The vitelline cells enter after passing the longi- 
tudinal and transverse vitelline ducts. In the centre 





Text-fig. 1. 





Structure of Mehlis’s gland and associated structures, re 
Bouin). Al, Bl and Cl are from three different individuals, al 
same scale. A2, B2 and C2 are dorsal views of the same three 
Only the outer boundaries of the enclosed structures are shown. 
mate boundaries of the portion of Mehlis’s gland consisting sol 
vitelline duct, leading from the vitelline reservoir; D.C. Laurer’ 
gland; O. oviduct; U. uterus; V.A. position of the uterine val 


of the body, where the two transverse vitelline ducts 
join, there is an enlargement, the vitelline reservoir 
(V.R. of Text-fig. 1, and of Pi. II, fig. 2). At its 
anterior end this reservoir projects into Mehlis’s 
gland, and is there continued as a narrow duct 
running anteriorly into the centre of the gland, the 
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constructed from serial sections (fixed 
1 viewed from the left, afd all of the 
individuals at a higher magnification. 
The stippled areas indicate the approxi- 
ely of intracellular ducts. A.D. anterior 
8 canal; C.C. central chamber of Mehlis’s 
ve; V.R. vitelline reservoir. 
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anterior vitelline duct (A.D. of Text-fig. 1, and of 
Pl. II). Ova enter the gland by an oviduct which, 
near its termination, is often convoluted, and in- 
variably inconspicuous (O. of Text-fig. 1, and O.D. 
of Pl. II, fig. 1). Laurer’s canal arises from a minute 
pore on the dorsal body wall, and runs ventrally 
into Mehlis’s gland to join the oviduct (L.C of Text- 
fig. 1, Plate II, figs. 1, 5). It is important to note that 
Laurer’s canal joins the oviduct, and not the 
anterior vitelline duct, as Sommer thought. The 
arrangement now described brings Fasciola into 
line with other trematodes which possess a Laurer’s 
canal (Fuhrmann, 1928, pp. 65-75). After receiving 
Laurer’s canal, the oviduct joins the anterior 
vitelline duct, and from the point of junction, the 
uterus begins. 

The proximal part of the uterus differs from the 
subsequent portions in the following respects: 
(1) its lumen is most commonly considerably 
narrower, (2) pseudopodial projections into the 
lumen do not occur, (3) it is surrounded by the 
eosinophilic layer of Mehlis’s gland (see below), 
whose radiations converge upon it, (4) it is separated 
from the rest of the uterus by a non-return valve. 
This valve (V.A. of Pl. II, fig. 2) is composed of two 
short lips projecting into the proximal part of the 
uterus, and two longer lips projecting into the distal 
portion. The shorter lips allow material to squeeze 
through the narrow lumen of the valve but move- 
ment in the return direction is prevented by the 
larger lips which occlude the lumen. To distinguish 
this proximal portion of the uterus from the more 
distal regions it will be referred to as the central 
chamber of Mehlis’s gland, the term ‘uterus’ being 
restricted to the remainder (see C.C. of Text-fig. 1 
and Pl. II, fig. 1). 

The uterine coils, which are enclosed in Mehlis’s 
gland, are arranged in essentially the same manner 
in all specimens, but there is considerable variation 
in detail (see Text-fig. 1). These coils are charac- 
terized by possessing finely granular pseudopodial- 
like projections from the wall into the lumen (P. of 
Pl. II, figs. 3, 4). As Schubmann (1905) has noted, 
there is no receptaculum seminis or ootype, and the 
uterine coils seem to act both as a reservoir for 
spermatozoa, and are also, as will later be shown, 
the site of shell formation. 

The movements of the various tubules described 
above can be observed both in living intact com- 
pressed flukes, and better still upon living excised 
Mehlis’s glands, mounted in saline upon a warm 
stage. The anterior vitelline duct twitches rapidly 
about a dozen times, with a peristaltic action, and 
thereby drives some ten vitelline cells forwards into 
the central chamber of Mehlis’s gland. After a pause, 
this is repeated, and the process continues until the 
central chamber is distended by containing some 
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thirty vitelline cells. Pl. II, fig. 2, shows a section 
through the central chamber at this stage. The 
oviduct occasionally shows a similar peristaltic 
action, and single ova are passed into the central 
chamber. There did not appear to be any exact 
correlation between the numbers of vitelline cells 
in the chamber and the number of ova, the discharge 
of the ova, under the present somewhat unusual 
conditions, being very spasmodic. 

The filled central chamber is emptied by a sudden 
contraction, which forces the contents past the 
uterine valve into the uterus proper. The move- 
ments of the uterus consist of spasmodic contrac- 
tions which involve only relatively short portions 
of the uterus. The contents are driven forwards, 
generally to the next point of inflection of ithe tube, 
this point showing temporary distension. The con- 
tracted portion then relaxes, and the contents which 
had been moved forwards (or backwards), flow back 
to their original positions. In the more proximal 
portions of the uterus, the presence of the non-return 
valve prevents any backwards flow into the central 
chamber of Mehlis’s gland, and instead, the adjacent 
portion of the uterus may become considerably dis- 
tended. These uterine contractions produce a very 
thorough mixing of the uterine contents, and as a 
result, the material which has recently been released 
into the uterus, may be mixed, in the proximal coils, 
with material (e.g. shelled eggs) which rightly 
belongs to the more distal coils. 


The histology of Mehlis’s gland 


This is composed of an outer layer of large baso- 
philic cells, and an inner converging eosinophilic 
layer (PI. II, fig. 1). There is no sign of the central 
layer being divided into basophilic and eosinophilic 
regions as Ujiie (1936) has described for Clonorchis. 

The basophilic cells are extremely granular, and 
possess large peripheral vacuoles. Beneath each 
cell there is an unstained area (‘empty space’) which 
tapers and leads to the eosinophilic area. In this, the 
‘spaces’ are separated from each other by radiating 
protoplasmic strands, which have a conspicuous 
eosinophilic reaction, and which occasionally contain 
nuclei. The spaces converge on the central chamber 
of Mehlis’s gland, and probably discharge into it, 
although the connexion could not, be observed with 
certainty. One must presume that the basophilic 
cells secrete a non-colloidal material, which is led 
through the ducts of the eosinophilic area to open in 
the central chamber. The present work entirely 
confirms Henneguy’s (1906-7) observation that no 
visible secretion is produced. Certainly there is no 
sign of basophilic granular material as Tyzzer (1918) 
has noted in Collyriclum, or of hyaline droplets as 
Sommer (1880) and Macé (1882) thought. 
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FORMATION OF THE UNTANNED EGG 
SHELL FROM VITELLINE CELL 
GRANULES 
In vivo 


The first obvious step in this process is the libera- 
tion of the polyphenol granules from the vitelline 
cells. This never occurs before the vitelline cells 
pass the uterine valve, and is therefore not im- 
mediately induced by the action of Mehlis’s gland 
secretion. Indeed it is generally completed within 
the recently formed shell, where the vitelline cells 
will be partly insulated from this secretion. Sommer 
believed that the granules are freed long before the 


10 








Text-fig. 2. Section of vitellaria, showing three stages 
in the formation of vitelline cells (fixed Bouin-Allen, 
5, stained Delafield’s haematoxylin and erythrocin). 
B. basophilic graiules; V.@. vitelline cell granules. 


vitelline reservoir is reached, but Leuckart (1886— 
1901) and Henneguy (1902, 1906-7) have shown 
otherwise. Henneguy stated that the granules are 
liberated immediately on coming into contact with 
Mehlis’s gland secretion. Schubmann (1905) contra- 
dicted this, and showed that the liberation of 
granules only occurred in the more distal uterine 
coils. Schubmann’s findings are confirmed by 
Kouri & Nauss (1938), by Murakami (1937) and in 
the present work. 


Physiological and histochemical observations on the adult liver fluke 


In some individuals (see, for example, PI. IT, fig. 2), 
liberation of granules begins immediately after the 
vitelline cells pass the uterine valve. It seems likely 
that this is due to mechanical forces which would 
act on the cells as they are squeezed through the 
valve. Subsequently the vitelline cells are churned 
about in the uterus, where they become mixed with 
ova, spermatozoa, and recently formed shelled eggs, 
If no spermatozoa are present, there is generally 
only a slight discharge of granules. This slight dis. 
charge may be due to the more prolonged action of 
Mehlis’s gland secretion, or more probably to 
mechanical forces. Observations upon intact living 
flukes showed that the smaller material in the 
uterus moved more rapidly than the larger material 
when the spasmodic uterine contractions occurred. 
This resulted in the smaller material being squeezed 
past the larger aggregates, and as it did so, the 
vitelline cells became distorted from their normal 
approximately spherical shape. 

If spermatozoa are present in the proximal 
uterine coils, the vitelline cell granules are rapidly 
liberated, and this, moreover, seems independent 
of the close proximity of ova. Henneguy (1902, 
1906-7) observed the penetration of spermatozoa 
into vitelline cells, and this was confirmed by 
Schubmann (1905), as well as in the present work. 
Pl. II, fig. 3 illustrates this, and shows a vitelline 
cell, devoid of its polyphenol granules, containing 
its own nucleus, and also that of a spermatozoan. 
Henneguy thought that the vitelline cells were 
absorbing an excess of spermatozoa and playing a 
phagocytic role; Schubmann thought that the main 
function of the spermatozoa was to add to the food 
reserve of the vitelline cells. Both these suggestions 
seem improbable on general grounds. It is possible 
that the sperm ‘activate’ the vitelline cells and this 
is responsible for liberation or secretion of the 
granules. 

The vitellaria and germaria of trematodes are 
derived from a common rudiment (Rees, 1940) and 
in the case of Fasciola, spermatozoa can penetrate 
both vitelline cells and ova. It is conceivable that 
the vitelline cells are haploid, and the details of their 
origin were therefore investigated. Vitelline cells 
are produced on the walls of the numerous follicles, 
and are freed as they mature. Typical stages are 
shown in Text-fig. 2. The polyphenol granules 
are produced from basophilic granules, which are 
clustered irregularly round the polyphenol granules 
as they are forming. Cell divisions are very in- 
frequent, and the dividing cells are jammed against 
the wall of the follicles. In certain cases groups of 
approximately six chromosomes occurred at each 
end of a cell, and were suggestive of a late anaphase 
stage. The diploid number in Fasciola is 12 (Schellen- 
berg, 1911), and the vitelline cells are therefore 
possibly haploid. This is far from certain, and should 
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be confirmed by more experienced workers in this 
field, preferably using a trematode with small, 
rapidly dividing vitellaria. 

After the polyphenol granules are liberated from 
the vitelline cells, they fuse together in irregular 
clumps, and are later grouped round a cell cluster 
to form the untanned egg shell. The cell cluster 
typically contains an ovum at one pole, and about 
thirty vitelline cells in various stages in the process 
of secreting their granules. As these clusters are 
forming they are invariably surrounded by a dense 
halo of extremely active spermatozoa (Pl. II, 
figs. 1, 4, C.L.), and these spermatozoa are present 
in the centre of the cluster as well as round the 
periphery. These clusters are the largest of the 
various aggregates which occur in the uterus, and 
it is possible that the correlation between the 
presence of spermatozoa in the uterus and the 
secretion of the polyphenol granules by the vitelline 
cells (previously commented upon) may be partially 
due to the extra squashing the vitelline cells receive 
as they pass these large masses. 

In Fasciola, in contrast to many other trematodes, 
there is no ootype, and the reason for the relative 
constancy in the number and positioning of the 
elements contained within the egg is a matter for 
speculation (see Schubmann, 1905; Henneguy, 
1906-7). It should be noted, however, that in 
Fasciola, as in many other trematodes, abnormal 
eggs are often produced (Taylor, 1934; Ujiie, 19365; 
Yumoto, 1936). 

After the discharge of their granules, the vitelline 
cells, according to Ortmann (1908) do not divide, 
but instead disintegrate, and are enclosed in an 
embryonic membrane, the ‘Hullmembran’. They 
contain a large amount of glycogen, and provide 
nutriment for the developing miracidium. Ortner- 
Schénbach (1913) first demonstrated this glycogen 
by Best’s carmine method, and it has been con- 
firmed in the present work by Bauer’s technique 
(Lison,1936, pp. 230-2). 


In vitro 


The secretion of the vitelline granules in vivo 
may be due to physicochemical or mechanical 
factors in the environment, or to the presence of 
spermatozoa. Mature vitelline cells were dissected 
from the vitelline reservoirs of active flukes, and 
subjected to certain of the above factors in vitro. 

(a) Osmotic pressure. The appearance of the 
vitelline cells was noted after immersion in normal 
physiological saline (Stephenson, 1947), double 
strength saline, and in glass distilled water. In 
physiological saline, no changes are noted in 3 hr. 
(Text-fig. 3A). In the hypertonic solution the cells 
shrink, and become opaque. The globules stand out 
prominently at their peripheries, but are not freed 
in 3 hr. In distilled water, the cells swell and burst 
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in about 7 min. (Text-fig. 3B). A small rupture 
occurs at the periphery of the cell, and the finely 
granular cytoplasm fiows out. Sometimes the 
general form of the cell is little changed, and the 
vitelline granules are not freed. Instead they stand 
out prominently at the surface of the ruptured cell, 
which is now shrunken and opaque. 

The changes produced on the cells by changes in 
osmotic pressure are dissimilar to those observed 
in vivo, and suggest that the freeing of the granules 
in vitro is not due to changes in osmotic pressure. 

(b) pH and anion composition. Mature vitelline 
cells were immersed in a variety of buffered solution 
covering the range 2-2-9-2 (citric acid-phosphat« 
acetic acid-sodium acetate; boric acid-borate; 
sodium bicarbonate-caustic soda). 

In acid media, the vitelline granules dissolve in 
the general cytoplasm before rupture of the cell 
surface (Text-fig. 3C). Using the citric 
phosphate combination, solution of the granules 
was not observed at higher pH values than 3-0, 
while with the acetic acid-sodium acetate series, 
the equivalent value was 5-0. The above changes 
in no way resemble those occurring in vivo. 

In alkaline media covering the above range (2-2- 
9-2) no conspicuous changes occurred although, at 
the higher values, the cells became more susceptible 
to mechanical damage (see below). At pH values 
of about 10 (dilute NaOH, and NaOH with Na,CQ;), 
the globules are liberated from the vitelline cells, 
leaving the latter relatively unaltered at least for 
a considerable time. After the granules have been 
liberated, they tend, with slight agitation, to fuse 
together in irregular clumps. These changes are 
strongly suggestive of those occurring in vivo, and 
attempts were therefore made to measure colouri- 
metrically the pH of the uterine fluid in the Mehlis’s 
gland region. The manipulations were extremely 
difficult, and the method is open to serious theoretical 
objections. Solid indicator or concentrated dye 
was inserted into living flukes, and into living 
Mehhkis’s glands isolated in saline solution. The 
uterus was then ruptured by pressure from the 
cover-glass, and the colour noted at the boundary 
of mixing of the indicator solution and the uterine 
fluid. The manipulative difficulties were only 
satisfactorily overcome in about one out of every 
five;specimens, and the results obtained are given 
below: phenolphthalein, <8-4; B.D.H. universal, 
c. 8:2; cresol red, 7-0; phenol red, 7-2; diphenol 
purple, c. 7:2; bromo-thymol blue, 7-0; chloro- 
phenol red, >6-8; bromo-cresol purple, >6-8. In 
view of the difficulties detailed, these results should 
be interpreted with caution. They do show that the 
uterine fluid has approximately a neutral reaction, 
and certainly is not of the order of pH 10. 

Further attempts were made to measure intra- 

uterine pH values by intravitam staining with 


acid- 
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neutral red. The vitelline cells in the uterus of an 
intact animal stained a purplish red, suggestive of 
an acid reaction. When these cells were isolated 
in vitro and stained with neutral red in different 
buffered salines, however, the staining reactions 
are the exact opposite of the expected. Below 
pH 6-0, they are an orange or orange-red colour 
(‘alkaline colour’), while from pH ec. 6-9-9-2 they 
are purplish red (‘acid colour’). The sole indications 





Physiological and histochemical observations on the adult liver fluke 


of neutral red staining are, therefore, that the pa 
of the uterine fluid is somewhere above 6-9. 
Attempts were made to bring about secretion of 
vitelline cell granules at pH values lower than 10 by 
altering the anion composition of the fluids, A 
series of solutions were made up in a basis of physio. 
logical saline, such that each contained an additional 
20 mM. of a given sodium salt. The pH was then 
adjusted to 8-0 by additicn of the appropriate acid 











Text-fig. 3. Unfixed vitelline cells dissected from the vitelline reservoir of living flukes into v 


solutions. 


arious saline 


A. 10 min. in normal saline. The cell on the right shows the effects of rough handling, and 
freed globules from another cell are also shown. B. 10 min. in distilled water. 


One cell is swollen but 


intact, the other has ruptured. C. 10 min. in N/100 hydrochloric acid in isotonic sodium chloride solu- 
tion. The granules of one cell have dissolved in the cytoplasm, and the other cells show localized 


swelling and solution. 
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or with hydrochloric acid. The following anions 
were used: hydroxyl, carbonate, borate, phosphate, 
acetate, butyrate, lactate, succinate, citrate, oleate, 
‘tauroglycocholate’. Spontaneous discharge of 
vitelline granules was never observed with certainty 
inany of the above solutions. 

It is probable that discharge of the vitelline 
granules in vivo is not brought about solely by the 
alkalinity of the uterine fluid, even allowing for the 
possible presence of such cytolysing agents as oleate 
and tauroglycocholate. 

(c) Mechanical forces. In the above and other 
experiments with alkaline solutions, it was noted 
that, with increasing alkalinity, an increasing pro- 
portion of vitelline cells shed their granules on 
slight mechanical stimulation. This last was un- 
avoidable during the dissection and mounting of 
the cells. At pH values of 7-0-8-0 the cells were 
relatively stable, but sufficient compression upon 
the coverslip to produce just visible distortion was 
often also sufficient to produce secretion of the 
granules. When secretion did not occur, the cells 
often became opaque, and the granules were very 
prominent at the cell periphery (Text-fig. 3A). 
Further stimulation at once released such granules. 
It has already been noted that, in vivo, the vitelline 
cells are distorted when they pass the uterine valve, 
and also when they are forced past larger aggregates 
during the churning of the uterine contents. The 
distortion produced in this way is entirely equi- 
valent to that produced artificially in vitro in the 
above experiments. Moreover, the cells in the 
uterus frequently show the typical appearance of 
‘half-squashed’ cells, as already described. It is 
concluded that mechanical forces play a major part 
in the secretion of the vitelline cells. The fact that 
secretion is often incomplete when the egg shell is 
first formed does not contradict this view, because 
the newly formed shell is very flexible, and dis- 
tortion of its contents is often visible in vivo. 

(d) Spermatozoa. The observations carried out 
in vivo suggested that the presence of spermatozoa 
was the most important factor. There are many 
possible ways in which the spermatozoa could pro- 
duce an effect. The effect of spermatozoan (and 
other) large aggregates in the uterus has already 
been detailed. Another possibility is that some sort 
of pseudo-fertilization is occurring, the entry of 
spermatozoa into the vitelline cells starting an 
activating process. 

Spermatozoa were dissected from the seminal 
vesicle, and added to vitelline cells dissected from 
the vitelline reservoir, or to vitelline cells and ova 
dissected from the lower uterine coils. The whole 
was immersed in physiological saline (pH 8-4), and 
the pH adjusted by the addition of hydrochloric 
acid or caustic soda. On the acid side of neutrality, 
the spermatozoa were sluggish, but increasing 
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alkalinity up to pH 9-5 resulted in increasingly 
vigorous movement (at room temperature). The 
phenomena below were observed at pH values of 
8-0 and also 9-0. 

In vitro, when few spermatozoa are present, they 
can be observed to enter both ova and vitelline cells. 
Their entry into the latter is not followed (at least 
during the first 2 hr.) by liberation of the vitelline 
granules. It is concluded that this liberation is not 
a process akin to fertilization, and not dependent 
upon the penetration of spermatozoa. 

When large numbers of spermatozoa are present, 
vitelline cells in their immediate vicinity appear in 
no way affected, and the movement of the sperma- 
tozoan tails, however intense, is insufficient to cause 
the release of the granules by its mechanical effects. 
The spermatozoa spread radially from their point of 
introduction, and eventually form aggregates in the 
body of the medium. The centres of the clumps are 
relatively inactive, with the periphery very active. 
If vitelline cells, or released vitelline granules (or any 
cellular debris, such as accidentally introduced 
spermatocytes), are in the vicinity of one of these 
aggregates, they are gradually moved into the 
centres of these clumps by the movement of the 
sperm tails. This movement of material towards the 
spermatozoan head may involve alterations in the 
form of the waves passing down the tail. It was 
impossible to decide this with certainty because of 
the extreme length, tortuous coiling, and rapid 
movement of the many tails involved. In the 
aggregate, the larger elements reach nearest to the 
centre of the clump, with smaller elements (particu- 
larly vitelline granules) at the periphery. In two 
cases, Ova were also incorporated, and in both cases 
they were kept, by spermatozoan movement, 
bouncing about at one end of the mass. At this end 
of the aggregate, there was a peripheral sheathing of 
relatively inactive sperm tails. At the opposite end 
of the mass the sperm tails were still active, and 
vitelline cells and other material were added. The 
resultant appearance of the cluster (Text-fig. 4) 
shows a marked resembiance to that of an egg in 
process of formation. There is an ovum at one pole, 
with a mass of vitelline cells posterior to it, and a 
tendency for vitelline granules to collect at the 
periphery, and there fuse into irregular masses. 
Eggs which were forming in the uterus of living 
individuals have exactly the same appearance, as 
Murakami (1937) has already noted. Two masses 
of this kind were produced in vitro from their 
separated constituents and were observed for 2 and 
4} hr. respectively, but in neither case was the 
process of egg-shell formation completed. 

It is concluded firstly that the secretion of 
vitelline granules is most probably not due to an 
activating process akin to fertilization, and secondly 
that spermatozoan movement is responsible for the 
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relative constancy, and for the positioning, of the 


cells within an egg. This movement also seems to be 
responsible for the segregation of secreted vitelline 
globules at the periphery of the egg mass, and may be 
partially responsible for moulding the globules into 
the newly formed egg shell. It is probable that 
friction against the uterine wall also contributes to 
this moulding process. 


Physiological and histochemical observations on the adult liver fiuke 


the proximal uterine coils, but the others apparently 


occur more slowly, as the eggs traverse the distal 
coils. This region was therefore further investigated. 

Histochemical tests for polyphenol oxidases, 
described by Lison (1936), were carried out upon 
uteri freshly dissected from living flukes and kept in 
physiological saline. The alkaline «-naphthol re. 
action and the indophenol blue (‘Nadi’) reaction 








Text-fig. 4. Formation of an egg in vitro from its constituents{(see p. 135 of text). Slightly diagrammatic 
reproduction from a camera lucida drawing. A.A. region of intensely active spermatozoan tails; A. region 
of active spermatozoan tails; O. ovum; SH.M. shell-forming material consisting of fusing clumps of 
vitelline cell granules; S.C. spermatocytes freed by rupture of the testes during dissection; 7’. spermato- 
zoan tails, when relatively sessile they are indicated by continuous lines, when moving slowly, by 


broken lines; V 


TANNING OF THE EGG SHELL 


It has been shown that the newly formed egg shell is 
composed of polyphenol and protein constituents. 
For these to be converted to sclerotin, a variety of 
changes are required: (1) Release of the polyphenol 
from possible basic linkages. These will probably be 
weak, and easily broken by immersion in a slightly 
alkaline medium. (2) Oxidation of the polyphenol 
into a quinone. This would occur most readily in an 
alkaline medium (Pryor, 1940). It requires, in 
addition, a high redox potential (Oppenheimer & 
Stern, 1939, pp. 56, 106), or the presence of atmo- 
spheric oxygen. The presence of a polyphenol 
oxidase may also be required. (3) Linkage of the 
quinone to NH or NH, groups of the protein (Pryor, 
1940). The first of these changes may well occur in 


. Vitelline cell with most of its granules ‘secreted’. 


both gave positive results on the egg shells contained 
in the upper uterine coils. Lison gives a typically 
critical account of the indophenol blue reaction, and 
discusses the possibility of confusion with the indo- 
phenol blue fat test. This possibility does not arise 
in the present case as the egg shells contain no lipoid 
material (as shown by Sudan III, Sudan IV, and 
Black Sudan). Lison omits here to mention that all 
phenolic compounds give a colour rather similar to 
indophenol blue when treated with only one of the 
Nadi reagents (dimethyl-p-phenylenediamine). This 
is, in fact, the basis of his own histochemical indo- 
reaction for phenolic compounds. In Fasciola the 
localization and coloration produced by the indo- 
phenol blue reaction and the indoreaction were 
absolutely identical, and the results of the indophenol 
blue reaction are therefore wjthout special signifi- 
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cance. In addition, the specificity of the alkaline 
x-naphthol reaction may well be questioned when 
quinones and possibly hydroquinones are present. 
In conclusion, the polyphenol oxidase tests give 
positive results, but are of doubtful specificity. 

Polyphenol oxidases probably contain copper 
(Keilin & Mann, 1938, 1939) and histochemical tests 
for copper were therefore performed both on fixed 
sections and upon living uteri (Lison). No black 
coloration was produced with acidified ammonium 
sulphide, and no red coloration with potassium 
ferrocyanide. Copper is not present in detectable 
quantities. 

Attempts were made to measure redox potentials 
in the uterus by indicator methods. The difficulties 
encountered were similar to those in the pH deter- 
minations, and the results obtained, dependent as 
they are upon an exact knowledge of the pH, are 
valueless. Flukes are occasionally damaged on 
removal from infected livers. If the uterine region 
is damaged, the eggs contained in an exposed uterine 
coil are invariably tanned more than those in the 
neighbouring coils, whether proximal or distal. 
This is strongly suggestive of a tanning process which 
is dependent upon oxidation. 

Certain flukes when examined under aerobic 
conditions are conspicuously pink. This is due to 
their containing a red pigment with absorption 
bands centred at c. 580 my (dense) and c. 540 mu 
(diffuse) respectively. The pigment can be demon- 
strated microspectroscopically in all freshly ob- 
tained worms. It is particularly concentrated in the 
regions of the vitellaria and anterior uterine coils; 
is fairly concentrated in Mehlis’s gland, the prostate, 
and the posterior sucker; and detectable in the 
remaining regions of the body. Those worms with 
the most pigment in the uterine region contain the 
greatest percentage of tanned eggs in their uteri. 
The anterior uterine coils are those with an especial 
pigment concentration, and are also the site of the 
most conspicuous tanning of the egg shell. It seems 
probable that the pigment is involved as an oxygen 
carrier in the process of oxidation of the polyphenol 
of the egg shell to a quinone. A crude preliminary 
investigation into the properties of the pigment 
suggests it is a tissue haemoglobin with a strong 
affinity for oxygen, rather similar to those of 
Ascaris lumbricoides investigated by Davenport 
(1945). 


DISCUSSION 


Many of the older workers (Blumberg, 1871; 
Sommer, 1880; Looss, 1885; and Schubmann, 1905), 
claimed that the egg shells of trematodes are pro- 
duced by a secretion of Mehlis’s gland, the so-called 
shell gland. All the more recent workers agree that 
the shell-forming material is largely derived from 
globules or granules previously contained in the 
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vitelline cells. This view, which is expressed by 
Stiles (1894), Leuckart (1886-1901), Henneguy 
(1902, 1906-7), Goldschmidt (1909), Kouri & Nauss 
(1938), Dawes (1940) and Rees (1940), is fully con- 
firmed in the present work. 

In Fasciola the granules of shell-forming material 
are produced by basophilic granules in the vitelline 
cells. They contain, as Vialli (1933) first showed, an 
orthodihydroxyphenol. They also contain proteins 
rich in NH and NH, groups, but do not contain fat. 
They pass through the central chamber of Mehlis’s 
gland, and then pass through a non-return valve 
into the uterus proper. On entering the last, the 
vitelline cells are intact, as Schubmann (1905) has 
shown. Sommer (1880) and Henneguy (1906-7) are 
here at fault. Some discharge of globules occurs in 
the posterior uterine coils in absence of spermatozoa, 
and must be due to a physicochemical action of the 
uterine fluid or to a mechanical rupture of the 
vitelline cells. The action of various physicochemical 
factors upon isolated vitelline cells has been studied 
and of these only the effects of strongly alkaline 
solutions in any way resemble the effects observed 
in vivo. Determinations of the pH of the uterine 
fluid are open to many objections but they indicate 
clearly that the uterine fluid is weakly alkaline. In 
a weakly alkaline solution, the globules can be dis- 
charged from the cells by the application of mechani- 
eal force sufficient just to distort the cells. This 
distortion does occur in vivo, and it is concluded 
that the globules are mainly freed in vivo by 
mechanical forces. These will be applied when the 
cells are pushed through the uterine valve, and also 
when the uterine contents are churned about. In 
work on various other trematodes Tyzzer (1918), 
Ujiie (19366), and Dawes (1940) have considered 
that globule secretion is primarily due to mechanical 
forces. 

The main discharge of globules by the vitelline 
cells is correlated with the presence of spermatozoa 
in the uterus. Henneguy (1902, 1906-7) showed 
that spermatozoa can and do enter the vitelline 
cells, and this has been confirmed by Schubmann 
(1905) and in the present work. It suggests that 
globule secretion may be due to the activation of the 
vitelline cells by the entry of spermatozoa. On the 
other hand, when spermatozoa enter the vitelline 
cells isolated in vitro, no globules are secreted. The 
hypothesis of spermatozoan activation is therefore 
untenable. Whether the spermatozoa act by secreting 
cytolytic enzymes, or whether the secretion in vivo 
is due to the vitelline cells being squashed as they 
are forced past aggregates of spermatozoa, has not 
been decided, but the latter hypothesis is favoured. 

When spermatozoa are kept in vitro at pH values 
of 8-0-9-0 (at room temperature) they tend to 
aggregate in clumps. Any other material in the 
vicinity is moved by the action of the sperm tails 
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towards the centre of the clump. Aggregates in- 
volving an ovum, vitelline cells, and vitelline cell 
globules have been observed, and in these cases, the 
various elements become arranged in a manner 
highly suggestive of the intermediate stages in the 
formation of a normal egg. It is concluded that the 
formation of an egg shell from isolated vitelline cell 
globules, and the arrangement of the cellular con- 
stituents within the egg, are primarily due to the 
activity of the spermatozoa. 

In the past, many functions have been ascribed 
to Mehlis’s gland. It has already been shown that 
it does not form the majority of the egg shell sub- 
stance. Tyzzer (1918) and Dawes (1940) believe it 
forms a thin outer lamella to the shell, and Tyzzer 
alleges that its secretion is coagulaied by histo- 
logical fixatives. Henneguy (1906-7), Goldschmidt 
(1909), Kouri & Nauss (1938) and the present writer 
have not observed any such coagulation in Fasciola. 
Tests for possible shell constituents in the ducts 
within Mehlis’s gland have been uniformly negative. 
There is no evidence that Mehlis’s gland con- 
tributes to the material of Fasciola egg shell. 

Henneguy (1902, 1906-7), Tyzzer (1918) and 
Ujiie (1936a, b) consider that the glands are re- 
sponsible for the liberation of the shell-forming 
globules from the vitelline cells. This view has been 
discussed and rejected on a previous page (p. 132). 
Leuckart (1886-1901) and Ujiie (19366) thought 
that the glands were responsible for hardening the 
shell gland material, but it has been shown above 
that hardening is due to quinone linkages, in 
which Mehlis’s gland can only be very indirectly 
involved. 

The main difficulty in deciding the function of 
Mehlis’s gland is due to the fact that it has been 
impossible to date to discover any characteristic or 
noteworthy properties in the fluid secreted by it. 
The ducts of the gland havea pronounced eosinophilic 
reaction, suggesting the possibility that an alkaline 
fluid is secreted. An alkaline uterine fluid would 
facilitate extrusion of the vitelline cell globules, and 
possibly aid in their fusion. It would also increase 
the activity of the spermatozoa, and facilitate the 
oxidation of the polyphenol into a quinone. Un- 
fortunately pH determinations, for what they are 
worth, suggest a pH not more alkaline than 7:2. 

Henneguy (1906-7), Goldschmidt (1909), and 
Kouri & Nauss (1938) have all noted the similarity 
in structure between the prostate of Fasciola and 
Mehlis’s gland. If this signifies a similarity in 


function, the most probable functions for the latter 
would be either activation of spermatozoa or lubrica- 
tion. In view of the suggested importance of sperma- 
tozoan activity, it is considered that the main 
function of Mehlis’s gland is to produce a fluid (of 
unknown composition) which increases sperma- 
tozoan activity. 





Physiological and histochemical observations on the adult liver fluke 


The functions of Laurer’s canal in the trematoda 
are somewhat obscure. Sometimes it serves for 
copulation, sometimes it is absent, sometimes very 
narrow (as in Fasciola), and sometimes it leads to 
the gut (Fuhrmann, 1928, pp. 65-75). In Fasciola, 
as Sommer (1880) has shown, it is highly improbable 
that it serves a copulatory function, and it is 
safest to assume that it is a vestigial functionless 
organ. 

As the egg traverses the uterus, it shrinks, 
becomes brown, hard, brittle, and relatively im- 
permeable. This is due to the oxidation of the poly- 
phenol of the newly formed egg shell to give a 
quinone, which links to the protein to give a quinone 
tanned leather. The oxidation may be facilitated 
by the presence of a polyphenol oxidase system, 
but the existence of this could not be demonstrated 
with certainty. The tanning process occurs most 
rapidly in the upper uterine coils which are sur- 
rounded by an especial concentration of a generally 
distributed haemoglobin. This pigment is also 
abundant in other regions of the body where active 
oxidation is to be expected. 

The final egg shell is a quinone tanned protein 
resembling the material comprising the cockroach 
ootheca (Pryor, 1940). This quinone protein termed 
sclerotin by Pryor is comparable chemically to the 
quinone leathers of commerce. Vialli (1933, 1934) 
has shown that the vitelline granules of certain 
Turbellaria and Cestoda contain orthodihydroxy- 
phenols, and it is therefore probable that sclerotin 
egg shells are widely distributed in the Platyhel- 
minthes. 


SUMMARY 


1. The egg shells of Fasciola are derived from 
globules or granules contained in the .vitelline cells. 
These globules contain an orthodihydroxyphenol 
and protein. 

2. The anatomy and histology of the Mehlis’s 
gland region have been described, and the site of 
liberation of the above granules has been isolated. 

3. Mechanical forces, due to the churning action 
of the uterus, are believed to be responsible for 
freeing most of the granules. This liberation can be 
correlated with the presence of spermatozoa in the 
uterus. The spermatozoa can penetrate the vitelline 
cells, but this does not free the globules. 

4. Active spermatozoa, in alkaline solutions, 
tend to form aggregates, and incorporate into these 
aggregates any solid material in the vicinity. This is 
apparently responsible for the arrangement of cells 
within the egg, and for the formation of a shell 
round it from fused vitelline cell globules. 

5. The polyphenol of the newly formed egg shell 
is oxidized into a quinone in the anterior uterine 
coils. Polyphenol oxidases have not been con- 
clusively demonstrated. The relative uterine coils 
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are surrounded by an especial concentration of a 
generally distributed tissue haemoglobin. 

6. The final egg shell is composed of a quinone 
tanned protein, similar to the sclerotin of the cock- 
roach ootheca. 

7. Suggestions are advanced as to the possible 
functions of Mehlis’s gland and Laurer’s canal. 
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OF PLATE II 


Fig. 4. Clusters of vitelline cells, spermatozoa, shell- 
forming material, and ova in the uterus. 

Fig. 5. Opening of Laurer’s canal on the dorsal body 
wall. 

Fig. 6. Section through the gut epithelium (fixed 
Flemming, 6, stained Benda’s alizarin crystal 
violet). 


Key to symbols on Plate II. 


A.D. anterior vitelline duct leading from vitelline 
reservoir. B.B. ‘brush border’ of intestinal cell. 
C. cuticle. C.C. central chamber of Mehlis’s gland. 


C.L. clusters of vitelline cells, spermatozoa, shell- 
forming material and ova in the uterus. C.M. circular 
muscle, Z’. shelled egg soon after formation. H”’. shell- 
ed egg with hardened shell. 
gut 

canal. 


E.C. excretory canal. 
Z. intestinal lumen. 
longitudinal muscle. 


contents. 
L.M. 


G. granular 
L.C. Laurer’s 


(MS. received for publication 23. m1. 1946. 


M.D. ducts of Mehlis’s gland. M.S. secretory portion 
on Mehlis’s gland. N. nucleus. O. ovary. O.D. oviduct. 
P. pseudopodia lining the uterine lumen. S. spermato- 
zoa. S.N. spermatozoan nucleus. V. vas deferens. 
V.A. uterine valve. V.G. vitelline cell granules. 
V.I. intact vitelline cells. V.N. vitelline cell nucleus. 
V.R. vitelline reservoir. V.S’. vitelline cells with a 
few granules ‘secreted’. 
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PHYSIOLOGICAL AND HISTOCHEMICAL OBSERVATIONS ON 
THE ADULT LIVER FLUKE, FASCIOLA HEPATICA L. 


IV. THE EXCRETORY SYSTEM 


By WILLIAM STEPHENSON, Pu.D., Department of Zoology, The University, Bristol* 


(With 3 Figures in the Text) 


INTRODUCTION 


Sommer (1880) noted that the fluid in the excretory 
system of the adult Fasciola contains droplets, and 
Leuckart (1886-1901, p. 201), figures similar droplets 
in the larger vessels of the cercarial system. von 
Brand & Weinland (1925) found that these droplets 
dissolve in certain fat solvents, and are stained with 
Sudan ITT, Nile Blue sulphate and osmic acid. They 
concluded that the liver fluke excretes fat globules. 
In a later paper (Weinland & von Brand, 1926) they 
were able to extract fat from saline solution in which 
flukes had been kept, and investigated its physical 
characteristics. The presence of this fat is part of the 
evidence upon which their theory of anaerobiosis is 
based, and fat is such an unusual excretory material 
that their work needs confirmation. The liver fluke 
inhabits an environment in which cholesterol is 
especially abundant, and it is conceivable that 
excretion of fatty materials is primarily concerned 
with the removal of an excess of sterols, rather than 
ridding the body of the products of anaerobic 
glycolysis. 

Smyth, Bingley & Hill (1945) working on Opistho- 
glyphe from the frog showed that ascorbic acid is 
especially concentrated in the walls of the excretory 
system. This observation is surprising, and the 
localization of vitamin C in Fasciola was therefore 
investigated. 


THE GLOBULES IN THE EXCRETORY 
SYSTEM 


Living flukes were mounted in saline, and examined 
under varying degrees of compression. The smaller 
vessels of the excretory system contain numerous 
hyaline droplets embedded in the wall, and bulging 
into the lumen. In the larger vessels, these globules 
float freely in an aqueous medium, and are moved 
passively to and fro as the vessels are contracted by 
the movement of the fluke. The aqueous fluid and 
the contained globules pass almost continuously 
from the excretory pore at the posterior extremity. 


* Now at Dove Marine Laboratory, Cullercoats, 
Northumberland (University of Durham). 


Flukes were fixed in formalin, gelatin embedded, 
and frozen sections of from 10 to 50 were obtained. 
Solubility tests and histochemical colorimetric tests 
were performed upon this material. The droplets 
are completely dissolved in: absolute ethyl alcohol, 
absolute methyl alcohol, acetone, chloroform, carbon 
tetrachloride, diethyl ether, petrol ether (40-60), 
xy'ol, benzine, toluol and carbon disulphide. They 
are stained by Sudan Black, Sudan Blue, Sudan IV 
and Nile Blue sulphate. They evidently contain fat. 

Tests for cholesterol and cholesterides were then 
performed. No crystals were obtained after digitonin 
treatment (see Lison, 1936, pp. 211-12). Various 
modifications of the Liebermann-Burchardt re- 
action (sunlight treatment, treatment with warm 
iron alum, use of acetic anhydride) also gave negative 
results. The droplets are not birefringent under a 
variety of conditions (see below). Cholesterol and 
cholesterides are absent. 

Various tests for lipins were then carried out 
using the techniques described by Lison (1936). 
Acid hydrolysis followed by iodine in potassium 
iodide solution failed to demonstrate the presence 
of lecithin. Ciaccio’s second method (acetone ex- 
traction in the presence of a cadmium salt, followed 
by bichromate treatment, paraffin embedding and 
staining with Sudan Black) similarly failed to show 
the presence of lipins. Baker (1944) has shown that, 
after osmication, lecithin and cephalin retain their 
black colour when they are subjected to turpentine 
treatment. In the present case, the globules are 
completely and rapidly ‘bleached’ by turpentine 
treatment following osmication. Lecithin and 
cephalin are therefore absent. The absence of lipins 
(and sterols) was confirmed by the absence of bi- 
refringence even after a combination of formalin 
fixation, freezing for 30 min. at — 20° C., and mount- 
ing in laevulose. 

On the other hand two tests for lipins gave positive 
results. These were the Smith-Dietrich test, which 
depends upon the retention of chromates or bichro- 
mates, and Ciaccio’s first method, which is dependent 
upon insolubility in fat solvents after bichromate 
treatment. Tne specificity of these tests is probably 
lower than that of the previous tests with which 
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they are at variance. For example, positive results 
can be obtained with the Smith-Dietrich test upon 
non-fatty materials. The orthodihydroxyphenols of 
Fasciola vitelline cells give a positive result, and 
Miss Rogers (unpublished) has similarly obtained 
positive results upon fat-free materials in the cuticle 
of Ascaris lumbricoides. It is considered possible 
that both of the above tests may depend upon weak 
reducing properties of an unsaturated fat. The 
presence of unsaturated fat was indicated by rapid 
blackening of the globules in 2% osmic acid. 
Summarizing the above, the globules in the excre- 
tory system probably contain an ordinary fat 
(triglyceride) with possibly a small amount of un- 
saturated fatty acid. Cholesterol, cholesterides, 
and lipins are not present. 





Fig. 1. Optical section through a thick frozen section 
stained with Sudan Black (formalin fixed, 50 ,, 
mounted glycerine jelly). Note the heterogeneous 
staining of the smaller globules. 


With the denser staining methods (Sudan Black, 
Smith-Dietrich, osmic acid) most of the small 
droplets which are embedded in the walls of the 
excretory canals stain irregularly. Typically the 
majority of the droplet is unstained, with a small 
section heavily stained. An example of a Sudan 
Black preparation is shown in Fig. 1. The final 
appearance is suggestive of that of a ‘Golgi element’. 


THE pH OF THE EXCRETORY FLUID 


Weinland & von Brand (1926) believe that free fatty 
acids are excreted by the fluke, and the present 
writer (1947a) has shown that when flukes are kept 
in saline there is a tendency for the pH of the saline 
to fall. It is conceivable that the aqueous medium, 
in which the fat globules float, contains dissolved 
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fatty acids which are the same as those which are 
combined in the fat. pH tests were therefore per- 
formed by injecting strong indicator solutions into 
the excretory system either through the excretory 
pore, or through the body wall. The colour of the 
excretory vessels was then observed in the com- 
pressed living worm. The following results were 
obtained : 


Indicator pH determination upon an 
individual worm 
Bromo-cresol green > 5-0 > 5-0 
Methyl red >5-4 >5-4 
Bromo-cresol purple > 6-2 > 6-2 
Chloro-phenol red > 6-6 > 6-6 
Bromo-thymol blue 6-8 7-2 6-8 
Phenol red 7:3 7:6 7:6 
Cresol red 7:3 7-4 7-4 
Diphenol purple 7-6 <7-2 <7-2 
Thymol blue < 8-2 < 8-2 <8-2 
Phenolphthalein < 8-4 < 8-4 <8-4 


These results are very variable, and reflect the 
numerous objections to the technique. They do 
show, however, that the pH of the fluid in the 
excretory system is either neutral or slightly 
alkaline, and that lower free fatty acids are not 
present as such in appreciable quantities. 


THE TERMINATIONS OF THE 
EXCRETORY TUBULES 


These were observed in living active flukes kept in 
saline on a warm stage under varying degrees of 
compression. As the lumen of the excretory tubule 
narrows, the projecting fat globules bulge relatively 
further into the lumen. At the extreme end of the 
tubule there is either a single fat globule or a cluster. 
No flagella were observed. 

Small fragments of living worm were compressed 
to the point of histolysis, and others macerated by 
compression. No flagella, other than spermatozoan 
tails, were ever observed. Sometimes during com- 
pression, streaming of globules through a com- 
pressed tubule gives a false impression of the waving 
of flagella, but no such flagella were present. Gentian 
violet and nigrosin were added to partly macerated 
tissue, as recommended for protozoa by Pitelka 
(1945), but again the only flagella discovered 
belonged to spermatozoa. 

Excretory tubules were followed to their termina- 
tions by observations of serial sections, variously 
fixed, stained in Heidenhain’s haematoxylin counter- 
stained in orange G. In those fixatives which dis- 
solve fat or allow its solution during embedding 
(Bouin, Bouin Allen, formalin, absolute alcohol, 
Gilson), flagellum-like objects are occasionally seen 
projecting into the lumen of the excretory tubules. 
These are not restricted to the blind ends of the 
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tubules, but are in fact more typical of the lower 
reaches. They are almost certainly the remains of 
the protoplasmic sheathing of the fat globules just 
prior to their release into the lumen. A much more 
accurate cytological picture is obtained by using 
fixatives which render fat insoluble (Mann-Kopsh, 
Champy Kull, Flemming, Flemming without acetic). 








Fig. 2 a, b, c. A series of sections at 6yu through the 
termination of an excretory tubule (fixed Flemming, 
stained Benda’s alizarin violet). Fat globules, mito- 
chondria, and nuclei are shown. 


In these cases nothing resembling flageHa can be 
seen, and the tubules end in clusters of osmophil 
material (i.e. fat globules). An example is given in 
Fig. 2. 

Flame cells are reasonably conspicuous in other 
living adult trematodes, and can be readily observed 
in the larval stages of Fasciola. They are, moreover, 
readily visible in sectioned material stained with 


Physiological and histochemical observations on the adult liver fluke 


Heidenhain’s haematoxylin. It therefore seems 
highly probable that adult F. hepatica do not 
possess these cells, at least in the vast majority of 
the terminations of the excretory tubules. 


THE DISTRIBUTION OF REDUCED 
ASCORBIC ACID 


The histochemical test for reduced ascorbic acid 
involves fixation in acidified silver nitrate solution 
and subsequent examination for precipitated silver, 
The objections to this method have been sum. 
marized by Gersh (1941) and Glick (1944), and 
further objections have been raised by Barnett & 
Fisher (1944). The main objections are that the 
method is relatively insensitive, affected by various 
inhibiting substances and therefore not quantitative, 
and that the finer details of localization are open to 
doubt. Barnett & Fisher also doubt the specificity 
of the reaction, basing their objections upon work 
with ground glass. This last has little obvious con- 
nexion to the normal constituents of animal tissues. 

Various concentrations of acetic acid have been 
used in the past to acidify the silver nitrate. Previous 
work by the present writer (19476) has shown that 
the vitelline cell granules of Fasciola contain an 
orthodihydroxyphenol which causes reduction of 
ammoniacal silver nitrate. Present tests showed 
that these granules could also reduce neutral and 
slightly acid silver nitrate solutions. In other words, 
if less than 5 % of acetic acid is used in the vitamin C 
test, polyphenols in addition to vitamin C may be 
shown. In the subsequent work, 10 % acetic acid 
in 10 % silver nitrate was employed. Flukes were 
immersed in this fluid in the dark for 18 hr., washed, 
‘fixed’ in hypo, wax embedded, sectioned at 6u 
and counterstained in orange G. After this treat- 
ment dark granules were located in various regions 
of the body to be described. Observations upon 
flukes fixed in formalin and in Bouin showed a 
rather similar distribution of dark coloured granules 
which might otherwise be confused with ascorbic 
acid. The final distribution of ascorbic acid was, 
therefore, determined by bisecting flukes longitu- 
dinally, fixing one half in acidified silver nitrate, 
and the other in formalin, and comparing the 
distribution of the dark granular material. 

The amounts of precipitated silver vary con- 
siderably from individual to individual. Sometimes 
the precipitates are generally distributed as faintly 
darkened spheres in almost all the tissues of the 
body. The size, distribution and density of this 
material is identical with that of mitochondria (as 
shown by Champy-Kull fixation, followed by 
Benda’s alizarin-crystal violet or Heidenhain’s 
haematoxylin—see Gatenby & Painter, 1937, 
chap. 30). In most cases the distribution was 
relatively localized, and the main concentration 
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of reduced silver occurs in the protoplasmic lining 
of the smaller excretory ducts in the form of densely 
blackened globules or granules. In the larger excre- 
tory ducts the same type of deposit is present, but 
is more sparsely distributed. Precipitates were 
invariably present in the submuscular layer of the 
body wall, where the concentration sometimes 
approached that in the excretory system. Smaller 
concentrations were usually present in the periphery 
of the testicular and vitelline follicles, in both 
cases as larger more diffusely impregnated spheres 
(Fig. 3). In the ovary and uterus, finely granular 
precipitates were sparsely distributed in the outer 
walls adjacent to the parenchyma. No precipitates 
were observed in the secretory portion of Mehlis’s 
gland. 
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Fig. 3. Distribution of reduced ascorbic acid in the body 
wall (fixed in 10% silver nitrate in 10% acetic acid, 
6). C. cuticle; C.M. circular muscle; Z.C. excretory 
canal; S.M. submuscular layer of the body wall; 
T’. testes. 


These results are very similar to those obtained 
by Smyth et al. (1945), even though those of the 
latter workers were obtained with weakly acidified 
silver nitrate, and make no allowance for the 
presence of pigments simulating ascorbic acid. As 
the above authors have noted, the fact that the 
main concentration of vitamin C occurs in the 
excretory system is somewhat surprising. Until the 
general metabolic functions of this substance are 
known with greater certainty it seems idle to 
speculate on its especial concentration in the ex- 
cretory system. 
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DISCUSSION 

Von Brand & Weinland (1925) have shown that the 
adults of F’. hepatica excrete globules of fat, and this 
is confirmed in the present work. These globules do 
not contain appreciable quantities of cholesterol or 
allied compounds. The excretory system is, there- 
fore, not specially adapted to ridding the animal 
of unusual lipoid materials which may have entered 
from the bile. It is possible that the fat results from 
anaerobic glycolysis, and that excretion of fat is a 
special adaptation to life in an environment of low 
oxygen tension. It would be of interest to discover 
whether trematodes which live under undeniably 
aerobic conditions also excrete fat. 

In the present work, no flame cells have been 
discovered in the excretory system. Leuckart 
(1886-1901, p. 213) noted that flame cells could not 
be seen, and presumed this was due to the thickness 
and opacity of the intact animal. He quotes Macé 
(1882)*, who quotes Fraipont, as having believed 
he saw them. It is certain that flame cells are 
present in the earlier stages of the life-history of 
Fasciola. In cercaria in general, the excretory 
system consists of a posterior vesicle, anterior 
‘siphons’, which branch to give collecting tubules, 
which terminate in flame cells. Rothschild (1941) 
states: ‘It is well known that in mature notocotylid 
trematodes the excretory vesicle becomes greatly 
complicated. The essential change lies in the develop- 
ment of numerous large ramifying branches arising 
from the lateral edges of the vesicle.’ Stunkard & 
Alvey (1930) imply that similar changes occur in 
the Fasciolinidae and it is therefore reasonable to 
suppose that the adult excretory system of F. 
hepatica is derived from the excretory vesicle of the 
cercaria. As this latter is without flame cells, the 
absence of flame cells from the terminations of the 
excretory tubules of the adult is not surprising. 
The fate of the flame cell portion of the cercarial 
excretory system is unknown. It is possible that a 
few of the tubules of the adult do contain these cells, 
but they have not been discovered in the present 
work, and it is difficult to see how they could have 
much functional significance. 

In some cercaria the excretory vesicle, and in 
others the siphons, contain globular or granular 
material (Leuckart, 1886-1901, p. 210; Wright, 
1927; Brown, 1931; Beaver, 1941; Feldman, 1941). 
In other forms it has been shown that this material 
is formed in and excreted by the vesicle (see Vickers, 
1940). It is tempting to suggest that this material is 
of a fatty nature. Brown (1931) suggests that it may 
be calcareous and this is confirmed by unpublished 
histochemical work upon Cercaria cambrensis Cole 
by James and Stephenson. It would be of interest 
to discover the relative numbers of trematoda which 
excrete fatty and calcareous material respectively. 

* Unfortunately unobtainable. 
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SUMMARY 


1. Careful search has failed to disclose the 
presence of flame cells in the excretory system of the 
adult liver fluke. 

2. Fat globules are produced in the walls of the 
excretory system, and are freed into the lumen, and 
thus to the exterior. 

3. These globules do not contain appreciable 
quantities of cholesterol, cholesterides or lipins, but 
may contain some unsaturated fatty material. 

4. The aqueous medium in which the ‘globules 
float is either neutral or slightly alkaline. 


Physiological and histochemical observations on the adult liver fluke 


5. The distribution of reduced ascorbic acid has 
been investigated by the silver nitrate technique, 
This indicates that the main concentration occurs 
in the smaller vessels of the excretory system, and 
in the submuscular tissues of the body wall. 


The writer is deeply grateful to Mr Gibbs, Meat 
Inspector, Hotwells, Bristol, for assistance in 
procuring specimens. The work was assisted by a 
grant from the Colston Research Fund, for which 
the writer is also deeply grateful. 
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SPOROZOON TINCAE, A PATHOGENIC PARASITE OF THE TENCH 


By O. JEROVEC, K. SCHAFERNA anv F. SKORPIL, From the Department of 
Parasitology, Charles University of Prague, Czechoslovakia 


(With Plates III-V, containing Figs. 1-33) 


I. INTRODUCTION 


Sporozoon tincae, a parasite found by Volf & Dvofak 
(1928) in the tench from south Bohemia, is the cause 
of bullae in adult tenches, usually two summers old. 
Some 90% or more of the infected fish die of the 
disease. The disease manifests itself macroscopically 
in cutaneous haemorrhages, which soon become 
subcutaneous bullae. These rupture on the surface, 
less often into the ventral cavity and discharge 
a sanguino-purulent fluid. The bullae appear most 
frequently in the hollows of the thoracic and ventral 
fins, or on one or both sides of the tail. We observed 
these bullae sometimes on both sides of and beneath 
the dorsal fins. In the internal organs chiefly in the 
pericardium, liver, spleen and kidneys, less often in 
the intestines and air bladder, are found whitish 
colonies with sharply defined borders, measuring 
about 1-3 mm. in diameter and slightly raised above 
the general surface of the organs. In the ventral 
cavity an accumulation of more or less sanguino- 
purulent fluid is formed. When perforation into the 
ventral cavity occurs, the peritoneum is covered 
with pus. The microscopic appearance of ulcers on 
the skin is very characteristic. The inflammatory 
infiltration spreads into the surrounding tissues 
6-10 mm. deep, and causes an oedema in the mus- 
cular parts lying further away. The blood vessels 
are dilated and filled with blood. The muscle fibres 
are either pressed together, or lie isolated in the 
infiltrate, undergoing destruction. Within the ulcers 
are found numerous cells evidently representing 
histiocytic elements. These are packed with para- 
sites, the nuclei of which are slightly pycnotic. 


Il. DEVELOPMENT OF SPOROZOON TINCAE 
IN THE FISH 


The whole development of the Sporozoon tincae 
takes place within the small histiocytes of the tench. 
Two stages can be clearly distinguished. 

A. Multiplication of the small Rickettsia-like 
parasite by binary fission. The parasites lie within 
the small or large mucous globules in the cytoplasm 
of the histiocytes, where they multiply by repeated 
binary fission, producing the impression of schizo- 
gony. 


B. The second stage, which becomes apparent 
in the further course of the infection, represent» 
sporogony, i.e. the formation of thick-walled ovoid 
spores, which serve the purpose of transmission to 
other fish. It must be emphasized that we could 
observe no signs of a sexual process in the develop- 
ment of S. tincae. 

We have not been able to follow the early stages 
of the infection. It evidently took some time before 
any signs of the disease became visible on the surface 
of the fish. By this time the parasites had produced 
colonies in many tissues and organs of the host. The 
infected histiocytes migrate from the tissues in- 
vaded originally into other organs, thus giving rise 
to infective foci of smaller or larger dimensions in 
the pericardium, muscles, kidneys, spleen, and in- 
testine. The characteristic bullae and ulcers origi- 
nate from such foci in the skin or muscles. The 
examination of material prepared from such bullae 
or ulcers, with the help of supravital staining with 
1 % Gentiana, dahlia or crystal violet, reveals reddish 
or violet coloured slimy globules lying in the cyto- 
plasm of histiocytes of different size, and measuring 
from 3 to 30». The interior shows numerous bodies, 
which may be very minute or sometimes measure 
1-21. When stained by the methods mentioned 
above, these bodies are very refractile and dark. The 
picture becomes more distinct in smears, which have 
been fixed (e.g. with sublimate-alcohol, Zenker’s 
fluid) and stained. The slimy matrix of the parasite 
stains green with Masson’s trichrome mixture; red- 
violet by Dominici’s or Giemsa’s methods; brown- 
red with Unna’s and Kuhl’s stains. The parasites 
themselves are always darker blue or violet, ac- 
cording to the nuclear stains employed. In such 
preparations it is easy to differentiate the stage of 
multiplication from that of spore-formation. The 
slimy matrix is always brighter during the repro- 
ductive phase (Dominici, Giemsa) or even quite 
colourless (Unna, Mann) and the dimensions of the 
parasite are much smaller than those of the rod- 
shaped bacteria, which are likewise present, so that 
they rather resemble the Rickettsia. On the other 
hand, in the stage of spore-formation the mucous 
matrix usually stains much darker (Dominici, 
Giemsa). It is thus possible to differentiate the two 
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stages of development within one and the same host 
cell (Fig. 10). It would appear that the parasites 
penetrate the histiocytes only passively, by phago- 
cytosis. 

In the advanced phases which usually come under 
observation of the disease, it is rather difficult to 
find the early stages of multiplication. Some of 
these are shown in Figs. 1 and 9. The parasites 
can develop in the cytoplasm of the host cell either 
singly or up to six may be present (Figs. 1-3). Their 
multiplication in the slimy matrix proceeds by 
dumb-bell constriction into two. The parasites are 
similar to the Rickettsia and measure 0-2—0-5 »; they 
are elongated and either smooth or tuberculated on 
the surface. In some decolourized preparations, 
especially when stained according to Dominici, 
Giemsa, or Unna-Levaditi, minute dark bodies can 
be seen in the interior of the small parasite (Fig. 5). 
With Feulgen’s nucleal reaction these bodies, re- 
sembling dots and lines, stain reddish within the 
cytoplasm of the small parasite (Fig. 8). These 
bodies can be regarded as the true nuclei of the 
parasites. In the course of the infection the mucous 
globules become enlarged until they attain a size 
of 20-30, (Fig. 4) and enclose over a hundred of 
the Rickettsia-like parasites. When the host cell 
ruptures and the mucous globules break up, the 
small parasites are liberated and are presumably 
taken up into the cytoplasm of other histiocytes. 
It is probable that the histiocytes also ingest the 
smaller masses of mucous containing parasites and 
originating from the fragmentation of larger glo- 
bules. On accouni of this the parasites within such 
globules can be seen in the early phases of develop- 
ment, and their multiplication takes place in the 
same host. 

It is very difficult to follow the earliest stages of 
sporogony, and even then they cannot be easily 
defined. Some of these phases are illustrated in 
Figs. 12-22. Spherical, uninucleate bodies multiply 
giving rise to larger sporoblasts (Fig. 13) with the 
production of mucus, as in the propagative multi- 
plication. The mucous masses can, however, be 
differentiated from those in the propagative multi- 
plication stage, as they are usually darker when 
stained by the methods of Dominici, Giemsa, Unna- 
Levaditi, etc. They stain green with the trichrome 
mixture, or by Kuhl’s method, but the mucus 
becomes almost colourless as soon as the spores 
mature. The parasites themselves are spherical and 
soon begin to stain darker (Figs. 17, 18). They also 
multiply by simple binary fission. In the advanced 
stages, i.e. spores, in suitable preparations there can 
be seen within the spherical parasites at first one 
and later two dot-like nuclei, staining red by 
Feulgen’s nucleal method (Figs. 19-22, 26 and 27). 
These spore-nuclei are also clearly visible after 
staining by Dominici, Giemsa and Unna-Levaditi’s 
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methods. Spores which are first spherical, later 
become somewhat elongated and become invested 
with a strong membrane on their surface. The 
mature spores measure about 1-5-2 by 0-5-1 yw: they 
are oval in shape and have a fairly thick, strongly 
refractile membrane, which later stains dark by all 
staining methods. However, the stain does not 
readily penetrate through this membrane so that 
the contents of the spore ere hardly stained. At the 
beginning each spore is surrounded by a faintly 
staining mucous sheath and when stained with 
methylene or toluidin-blue, it becomes metachro.- 
matically red-violet (Fig. 23). This sheath is cast 
off when the spore matures. Preparations treated 
by Feulgen’s method reveal in fully mature spores 
two red-stained dot-like nuclei (Fig. 28). The spores 
at first lie in the mucous mass inside the host cell 
(Fig. 24) and later, after dissolution of the mucous 
sheath, also directly in the cytoplasm. The spores 
are found within the host cell chiefly in the internal 
organs, while in fully developed ulcers of the fins 
or muscles they lie free in masses among the tissue 
debris. As a result of the ulcers bursting open or 
of death of the heavily infected fish, the spores are 
liberated into the water and are ingested by healthy 
tench along with other food. The spores can remain 
in water from one to two months without any visible 
changes. Within the ulcers the spores are phago- 
cytosed by the small lymphocytes (Fig. 30). These 
spores are surrounded by a small bright halo. It is 
difficult to find out what happens to these spores 
later. It seems probable that they perish, for in 
those tenches in which the ulcers remained sta- 
tionary and the diseased condition was either un- 
changed or even showed improvement, grape-like 
formations were seen inside the small histiocytes 
or lymphocytes. These stained deep blue-violet by 
Giemsa or Dominici’s methods, and evidently con- 
sisted of spore-aggregations (Fig. 29). However, in 
old ulcers there are also numerous other structures 
inside the lymphocytes capable of staining deeply. 
The origin of these is difficult to explain. They are 
partly the result of phagocytosis of the nuclear 
remains derived from the decomposed host cells. 
We also found scanty histiocytes with spores in the 
blood. 

Neither Volf & Dvofak nor we have been able to 
transmit infection to healthy tenches. We were 
unable to find either in the carp-louse (Argulus 
foliaceus) or in the fish-leech (Piscicola geometra) 
taken from infected fish, any forms of the parasite, 
representing their developmental stages in the 
above-mentioned ectoparasites. We only found, in 
the blood ingested by the fish-leech, some scanty 
spores, which were, however, in a state of dissolution 
and degeneration. Smear preparations of two carp- 
lice revealed a few spores and some indistinct plas- 
modial forms (Figs. 31, 32). It is not necessary 
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to attribute any important role to the two ecto- 
parasites, since the life-cycle of Sporozoon is com- 
pleted with the formation of resistant spores, which 
remain viable for a long time in water, enabling 
transmission from fish to fish to take place without 
the intervention of a special vector. The infection 
is probably effected by ingestion of the spore per os. 


Ill. THE SYSTEMATIC POSITION 
OF SPOROZOON TINCAE 


We had considerable difficulty in finding a place for 
our parasite in the system of Protozoa. Parasitic 
Protozoa with the same process of multiplication 
in the host (repeated binary fission) followed by 
sporogony, are classified provisionally in the group 
of Haplosporidia. This, however, involves grouping 
together parasites which differ considerably and 
have very little in common. Among fish parasites 
there are only two organisms that resemble our 
parasite in a certain sense: Lymphosporidium truttae 
Calkins, 1900, and Zoomyzxa legeri Elmassian, 1909. 
Calkins described a serious epizootic among stream 
chars in a fish culture in the U.S.A. This epizootic 
was characterized by ulcers of the skin. The morbid 
process sometimes led to perforation of the body 
wall, so that the intestine was exposed. His de- 
scriptions and illustrations are unfortunately in- 
complete and do not give an adequate picture of 
the appearance of the parasites in question. The 
intestinal canal, the connective tissue everywhere, 
and especially the lymph spaces, blood vessels and 
testes of the fish were said to contain numerous 
large, spore-like, pear-shaped bodies measuring 
2-3, staining intensively but otherwise showing 
no further structure. No polar filament could be 
demonstrated. These spores are said to originate by 
internal gemmation within protoplasmic bodies 
measuring 16, in diameter. They appear in con- 
siderable numbers in the lymph spaces, in the lumen 
of the gall bladder and in the intestinal canal. These 
protoplasmic bodies are said to have instead of 
& nucleus, diffusely spread chromatin granules. 
Sporozoites are supposed to originate in the interior 
of each spore in the form of eight minute spheres 
emerging from the spores by rupture of the spore- 
membrane. This is especially the case in the intes- 
tines. These sporozoites are said to give rise to little 
amoeboid germs, which after penetration of the in- 
testinal mucous membrane appear in large numbers 
in the lymph surrounding the intestinal canal. It is 
reported that they then pierce the muscle cells of 
the intestine and finally attain the size and structure 
of the original spore-forming stage, and that, after 
leaving the muscle, they develop by sporogony. 
Calkins supposes that the parasites block the lymph 
vessels to such an extent that the region concerned 
isno longer well supplied with lymph, and as a result 
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of necrosis becomes an ulcer. He places his:parasites 
near the Serumsporidia described by Pfeiffer. 
Weissenberg (1921) is very sceptical about these 
statements, since bullae caused by bacteria are also 
known to occur in trout and stream chars. A rein- 
vestigation of these parasites appears to be urgently 
necessary. 

There is the same uncertainty regarding the 
parasites described by Elmassian as Zoomyza legeri. 
He found in the intestines of a tench (from the 
neighbourhood of Grenoble, France) a heavy infec- 
tion caused by @ coccidium, Himeria rouxi, in the 
different developmental stages of which, as well 
as in the intestinal cells of the host, this peculiar 
parasite was present. It appears to be a kind of 
hyperparasitism. The vegetative stages of Zoomyra 
are spherical, measuring 1-4-2, and having one 
or more nuclei. These bodies penetrate into the 
young coccidia and grow up into large schizonts. 
Elmassian’s description is unfortunately also so con- 
fused that no clear idea of the parasite can be 
formed. For instance, he describes four types of 
schizogony proceeding side by side. In the first 
variety the schizonts resemble those of Himeria 
rouxi, except in respect of their smaller size. They 
at first measure 5-6» and attain a size of 10-12 p. 
They segment into numerous small merozoites, 
which measure about 3-4 in diameter and which 
correspond to the vegetative stages. The second 
type of schizogony which, like the first type, takes 
place in the interior of the epithelial cells is said to 
be characterized by a quick and simultaneous seg- 
mentation into 10-30 merozoites. The third type 
of schizogony is characterized by the presence of 
a thin membrane round the schizont. The merozoites 
develop within this membrane by segmentation. 
They are amoeboid, measure about 3-4 » and have 
a small vacuole at the periphery. The fourth type 
is the rarest. The merozoites arise as a result of 
segmentation of only part-of the schizont, the re- 
maining portion of the schizont forming a thick 
membrane around them. Elmassian calls such 
structures ‘zoocysts’. He further describes gamo- 
gony. Microgametocytes are said to measure about 
5-6». They are rounded with homogeneous cyto- 
plasm and a massive nucleus rich in chromatin. 
The formation of microgametes takes place partly 
within the epithelial cells and partly in the liberated 
microgametocytes. 

Mature microgametes measure hardly 1 » and are 
supposed to be comma-shaped. Macrogametes are 
round, measuring about 5-6 ». They have a granu- 
lated cytoplasm and a fairly large homogeneous 
nucleus. The zygotes are thick-walled measuring 
7-8 x 5-6 p. They are elliptic in shape, measure 1-2 pz 
and have a wall consisting of concentric layers. The 
cysts that proceed from sporogony contain 6-12 
germs about 2, in diameter. Elmassian places his 
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Zoomyxa, which markedly retards the development 
of Eimeria rouxi, among the ‘Monadinae azoo- 
sporae’. The latter are supposed to originate from 
the Mycetozoa. It is, of course, difficult to form 
a clear idea of his observations without a knowledge 
of his original preparations. In any case, he has 
pieced together in the developmental cycle all 
manner of structures. Some of these represent dead 
and degenerate host cells, e.g. his macro- and micro- 
gametocytes; others belong to the developmental 
cycle of Himeria rouxi, while others actually belong 
to the new parasite, i.e. Zoomyxa. Some of his 
illustrations resemble certain stages of Sporozoon 
tincae described by us, e.g. his formation of micro- 
gametes and a few phases of his schizogony, but 
he speaks of an intracellular location always in the 
intestinal epithelial cells and never in lymphocytes 
or histiocytes. It appears, therefore, that its identi- 
fication with the parasite under consideration is 
impossible. 

Various other parasites classified among the 
Haplosporidia have also been described from in- 
vertebrates. We may recall, for example, the genus 
Chytridiopsis from different Arthropods and the 
little known parasitic protists, Nucleophaga and 
Sphaerita, which live inside the nucleus and cyto- 
plasm of different parasitic or free Protozoa. Finally 
we may consider the different phases of the rabbit 
parasite, Encephalitozoon cuniculi, found by Levaditi 
and his collaborators in the cerebrum and renal 
canals, and regarded as the cause of spontaneous 


Sporozoon tincae, a pathogenic parasite of the tench 


encephalomyelitis. It forms small cysts, measuring 
20-30 » in diameter, which lie either directly in the 
cerebral substance, or inside the epithelial cells of 
the renal canals, and in which numerous spores 
measuring only 2-5x0-5y are produced. These 
spores recall the Microsporidian spores but no polar 
filaments could be demonstrated in them. Trans. 
mission takes place per os and the mature spores 
are excreted with the urine. 

All these organisms have one feature in common, 
viz. the multiplication by means of schizogony 
within the same host, and the formation of spherical 
or oval spores, of simple structure and very small 
dimensions, that serve to infect new hosts. The 
sexual phases described by various writers are very 
questionable and evidently do not exist. (Compare 
similar conditions in Microsporidia.) 


IV. SUMMARY 


Sporozoon tincae Volf & Dvorak, 1928, is the cause 
of a fatal disease of the tench (T%inca tinca) in 
fish-ponds in south Bohemia. We can distinguish 
in its life cycle two different stages, multiplication 
by repeated binary fission, resembling schizogony 
and by sporogony with the formation of elliptical 
spores measuring 1-5-2 by 0-5—1 ». The development 
of all these stages occurs in the cytoplasm of histio- 
cytes. A detailed description of the life cycle is 
given. This parasite should be placed provisionally 
in the order Haplosporidia. 
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EXPLANATION OF PLATES III-V 


Piate Tit 


Figs. 1-10. Sporozoon tincae: multiplication within the 
histiocytes of tench (xc. 1500). 

Figs. 1-2. Two small histiocytes in which globules of 
parasites are multiplying and growing. 

Fig. 3. Multiplication of parasites within large mucous 
globules. 

Fig. 4. Multinucleate histiocytes with large parasitized 
globules in the cytoplasm. 

Fig. 5. Individual parasites escaping from mucous 
globule (Giemsa). 


Fig. 6. Free mature Rickettsia-like parasites. (Figs. 1-6 
are from cover-slip smears fixed with sublimate- 
alcohol and stained with Masson’s trichrome mixture). 

Fig. 7. Parasitized globule stained by Mann-Dobell’s 
method. 

Fig. 8. Parasitized globules stained by Feulgen’s method. 

Fig. 9. Histiocyte with phagocytosed Rickettsia-like 
parasites (trichrome mixture). 

Fig. 10. Multiple infection of a histiocyte: two globules 
with parasites multiplying by repeated division and 
one (with dark bodies) showing sporogony (Dominici’s 
method). 
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Puate IV 


Figs. 11-22. Sporozoon tincae (xc. 1500). 

Fig. 11. Several parasitized globules within a multi- 
nucleate giant histiocyte. 

Figs. 12-22. Stages of sporogony. 

Fig. 12. Parasites just penetrated into the host cell. 

Fig. 13. Beginning of multiplication. 

Fig. 14. Multiplication of numerous parasites and en- 
largement of histiocyte. 

Fig. 15. Histiocyte with globule in which sporoblasts 
multiply by binary fission. 

Fig. 16. Histiocyte with many small and a large 
parasitized globules. 

Fig. 17. Further growth of sporogony stage. 

Fig. 18. Histiocyte with free sporonts in cytoplasm. 

Fig. 19. Maturing spores becoming rounded, with clearly 
visible nucleus. 

Fig. 20. Appearance of two nuclei in maturing spores, 
on the right a young sporogony stage is seen attached 
to the outer surface of the host cell. 

Fig. 21. Histiocyte with maturing binucleate sporonts 
and some mature highly refractile spores. 


AND OTHERS 


(MS. received for publication 6. v. 1946.—Ed.) 
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Fig. 22. Spores which are at first uninucleate being 
liberated by rupture of the globules. 

(The smears were fixed with sublimate-alcohol and 
stained as follows: Figs. 11-18, by Dominici’s method; 
Figs. 19 and 22, by Giemsa’s wet method; Figs. 20 
and 21, with trichrome mixture.) 


PLATE V 

Figs. 23-33. Sporozoon tincae (xc. 1500). Sporogony 
(continued). 

Fig. 23. Mature spores with mucous sheath. 

Fig. 24. Stage with mature spores (Mann-Dobell). 

Fig. 25. Phagocytosis of degenerated spores (Giemsa). 

Figs. 26-28. Spores stained by Feulgen’s method 
(Fig. 26 uninucleate, Fig. 27 maturing and Fig. 28 
binucleate spores). 

Fig. 29. Histiocyte with degenerated spores (Giemsa). 

Fig. 30. Phagocytosed mature spores (Giemsa). 

Figs. 31-32. Plasmodial form and mature spores of 
Sporozoon in smears from Argulus foliaceus. 

Fig. 33. Mature spores stained by Giemsa’s method 
(they are surrounded by a bright red mucous sheath, 
their membrane stains dark violet, while their con- 
tents remain unstained). 
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THE BIOLOGY OF PHYTODIETUS PULCHERRIMUS (CRESS.) 
(ICHNEUMONIDAE, TRYPHONINAE) PARASITIC OF LOXOSTEGE 
STICTICALIS L. IN NORTH AMERICA 


By F. J. SIMMONDS, Imperial Parasite Service 


(With 16 Figures in the Text) 


I. INTRODUCTION 


In 1941 work was started in North America with a 
view to introducing into South Africa parasite 
species which might act as factors in the control of 
the insect pest, Loxzostege frustalis Zell. (Pyrausti- 
dae), which destroys large areas of Karroo bush 
(Pentzia incana), an important sheep-fodder plant 
in South Africa (Taylor, 1940). Several nearly 
related species of moths occur in North America, 
one of them being Loxostege sticticalis L., a serious 
pest of sugar-beet in the Great Plains region. A 
number of parasite species have been recorded from 
this host both in America and Europe (Pepper & 
Hastings, 1941), and it was thought that several of 
these species occurring in North America might be 
suitable for introduction into South Africa after 
their biology and life histories had been investigated. 

In 1941, 1942 and 1945 quantities of hibernating 
material of Loxostege were obtained from Alberta 
(Canada) and Montana (U.S.A.). This material 
contained a number of parasite species which were 
bred in the laboratory in Belleville and shipped to 
South Africa. All the species obtained are listed 
below. 

Primary parasites 


DrererA: Tachinidae: Achaetoneura archippivora 
(Will.), Aplomya caesar (Ald.), Euphorocera omissa 
Rnh., Nemorilla maculosa (Mg.), Neophorocera 
edwardsii (Will.). 

HYMENOPTERA: Braconidae: Bracon vulgaris 
(Cress.), Chelonus texanus Cress., Meteorus loxo- 
stegei (Vier.). Ichneumonidae: Campoplezx sulcatellus 
Vier., Cryptus inornatus Pratt., Phytodietus pulcher- 
rimus (Cress.), Pristomerus appalachianus var. 
dorsocastaneus Vier., Sagaritis unicolor Vier. 


Secondary parasites 


HYMENOPTERA: Chalcididae: Hupteromalus sp., 
Perilampus similis Cwfd. 

CoLEOoPTERA: Staphylinidae: Aleochara sp. 

In this paper a description will be given of the 
life history of the ichneumonid Phytodietus pulcher- 
rimus (Cress.). In 1942 this species was the most 
numerous parasite reared from hibernating Lozo- 
stege material, when it comprised 28-4% of the 
living cocoons. 


The only previous host records for this species are 
Phlyctaenia tertialis Guen. (Balduf, 1929) ‘and 
Loxostege similalis Guen. (Cushman, 1940), but.the 
species has been recorded in the U.S.A. from 
Connecticut, Delaware, Ohio, Massachussetts, Dis- 
trict of Columbia, and possibly Montana, and in 
Canada from Alberta, Manitoba and Quebec. It 
has thus a wide distribution. 


II. SYSTEMATIC POSITION AND 
ADULT CHARACTERS 


The genus Phytodietus Gravenhorst (= Phytodiaetus 
Agassiz, = Euctenopus Ashmead, = Doratistes Sey- 
rig) belongs to the tribe Phytodietini Cushman & 
Rohwer, which has been placed in several sub- 
families by different authors. Rohwer (1920) states: 
‘Gravenhorst allied the species of Phytodietus to 
members of the subfamily Cryptinae and there are 
certain characters which suggest such a relation- 
ship. The males however, resemble closely some of 
the Tryphoninae and it is not unlikely that future 
arrangements will place the Phytodietini close to 
some of the groups formed out of that heterogeneous 
complex.’ Townes (1944) places the tribe in the 
Tryphoninae. According to Rohwer (1920) the 
tribal characters of the Phytodietini are: ‘Com- 
paratively small species with a smooth integument; 
head transverse, the temples much narrower than 
cephalocaudad diameter of the eye; clypeus not 
sharply defined dorsally, convex, the apical portion 
not depressed; mandibles with two apical teeth; 
antennae long, slender, thorax short; scutum not 
quite as long as rest of middle part of body; 
mesepisternum much higher than long (cephalo- 
caudad), the prepectal carina distinct, terminating 
about half way up on the mesepisternum and well 
behind its anterior margin; propodeum without 
carinae, the spiracles oval and well removed from 
the base; abdomen sessile, slightly compressed 
apically; hypopygidium not reaching apex of 
abdomen ; ovipositor prominent, spear-like apically; 
sheath hairy; legs slender with long calcaria; claws 
rather short, curved and with about six long teeth; 
areolet rather small, triangular in outline.’ 

The generic characters of the single North 
American genus of the tribe Phytodietus are given 
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as: ‘Those to the tribe. Notauli present anteriorly 
as the scutum is trilobed cephalad; nervulus inter- 
stitial or nearly; nervellus perpendicular or slightly 
reclivous and broken below middle; third antennal 
joint longer than following joint; discocubitus 
strongly bent, but not angulate or with a ramulus.’ 

Townes gives the synonymy of P. pulcherrimus 
(Cress.) as: Mesoleptus pulcherrimus Cress., Phyto- 
dietus distinctus Cress., Phytodietus zonatus Prov., 
Mesoleptus pulcherrimus Prov., Phytodietus pul- 
cherrimus Prov., Mesostenus nobilis Prov., Mesoleius 
telarius Prov., Phytodietus nobilis Davis., Meniscus 
pulcherrimus Davis., Ctenopelma pulchra Ashm., 
Phytodietus pulchra Davis. 


III. GENERAL BIOLOGY 


Loxostege sticticalis material collected in Montana 
in the autumn of 1941 contained no Phytodietus, but 
host spin-ups from Alberta in the autumn of 1942 
contained cocoons of this species comprising 28-4 % 
of all living material. In 1945 in Alberta the pro- 
portion was only about 0-45% and was found to 
vary from field to field in the same area. 

The cocoons of the parasite within the host spin- 
ups contain full-grown larvae in diapause. It was 
found impossible to break this state of diapause by 
quick temperature changes, or by maintaining the 
material at a very low temperature for compara- 
tively short periods. The parasite cocoons were left 
at 29°C. but no emergence occurred for over a 
month, when males emerged about a week before 
the females. The sexes are present in these emer- 
gents in approximately equal numbers. They were 
kept at 24°C. in small cheesecloth-sided wooden 
cages and supplied with water and raisins, under 
which conditions both males and females lived an 
average of approximately 30 days. 

Males showed great excitement in the presence of 
females and chased them persistently. The latter, 
however, brushed the males off, and since the 
females are large and more powerful than the males 
mating did not occur readily. As with the majority 
of hymenopterous parasites the species exhibits 
arrhenotokous parthenogensis. 

Oviposition was only obtained after an extended 
pre-oviposition period (15-21 days), and the process 
is somewhat similar to that described by Vance 
(1927) for Paniscus spinipes Cush. and P. geminatus 
Say. var. sayi Cush. Nearly full-grown larvae of 
Loxostege were attacked, and it is worth mentioning 
here that, as with some species of tachinids parasitic 
on Loxostege, little or no interest was taken by the 
ovipositing females in hibernating host larvae. The 
females only attacked larvae which were still or had 
just finished feeding, and it appeared that there was 
& perceptible difference between active and hiber- 
nating larvae in respect to some quality such as rate 
of movement or texture of the skin. The females 
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attack suitable host larvae vigorously—a struggle 
usually ensuing before the ovipositor is finally 
thrust into the larva. This stinging may occur 
several times before paralysis of the host is attained. 
When the larva has been stung to immobility the 
female withdraws her ovipositor and often feeds on 
the host body fluids exuding from the punctures. 
The ovipositor is then carefully inserted in one of 
the first two segments behind the head of the host, 
usually, though not always, on the ventral side 
(Figs. 1, 2). At this juncture an egg is laid, and it is 
easy to observe the comparatively large parasite 
egg sliding down the ovipositor. The larva quickly 
recovers from’ its state of paralysis and with the 
parasite egg attached continues feeding or com- 
mences to spin its cocoon. 


IV. DESCRIPTION OF THE IMMATURE 
STAGES 


(a) The egg. The egg is of very peculiar shape 
(Fig. 3) about 0-5-0-8 mm. in length and 0-3— 
0-5 mm. in greatest width. It is convex on the 
dorsal side (the side away from the host skin) and 
is flattened on the ventral side; it is wider at one 
end, where the future posterior end of the larva 
develops. It is at this end that the egg is attached 
to the host larva. This attachment consists of a 
very long (14-2 times the length of the egg) irregu- 
larly spiral filament, tapering gradually towards the 
distal end. This appears to be a continuation of the 
chorion of the egg, from which the filament origi- 
nates on the ventral side of the posterior end. On 
oviposition this thread precedes the egg down the 
ovipositor, being contained in the inner valves of 
the ovipositor and inserted far into the subcuta- 
neous tissues of the host larva, until almost the 
entire filament lies inside the host, giving the egg a 
very firm attachment to the larva. Around this 
filament, particularly near the point of entry into 
the host, there are formed deposits of ‘wound 
chitin’ which in many cases obscure the path of the 
filament through the host tissues. The chorion of 
the egg is peculiarly sculptured, bearing over the 
whole surface irregularly lobed scale-like projec- 
tions. These are sparse over most of the egg surface, 
but are dense at the posterior end near the point of 
attachment of the filament. The egg is not rigidly 
fixed to the surface of the host, but is able to pivot 
on its point of attachment, firmly anchored to the 
host and protected by its position frém damage 
either by the host larva itself or from external 
causes. 

(b) lst stage larva. The 1st stage larva develops 
slowly within the egg, 7-8 days elapsing at 24° C. 
before eclosion occurs. The larva is orientated so 
that the head is in the narrow end of the egg away 
from the point of attachment to the host. The 
posterior end is firmly anchored in the latter end of 
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Figs. 1—6 


. Egg of the parasite (Z) in situ on host. 

- Position of a number of Phytodietus eggs upon the host (diagrammatic). 

. Egg of Phytodietus. a-a, level of the surface of the host larval skin. 

. Head capsule of the 1st stage larva. 

. 2nd stage larva attached to the Ist stage larval skin and to the empty egg. 
Head capsule of the 2nd stage larva. 
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the egg. On eclosion the anterior end of the egg 
splits and the larval head protrudes. The larva 
does not emerge entirely but, anchored in this 
position and facilitated by the limited moveability 
of the egg, pierces the host skin with its sharp 
mandibles and commences feeding on the body 
fluid of the host exuding from the punctures. 

This larva which is of the normal ichneumonid 
type and about 0-7 mm. long remains partly within 
the chorion of the egg, anchored at the posterior 
end, fitting closely against the inner wall of the 
chorion. 

The head capsule of the Ist stage larva (Fig. 4) is 
of the ventrally unchitinized type. It consists of 
three plates, a dorsal quadrangular plate narrowing 
slightly anteriorly and a pair of lateral plates which 
bend under on the ventral side but do not meet.The 
simple antennae are situated on the anterior part 
of each lateral plate, and, together with the articula- 
tions of the mandibles, sensoria, etc., are adequately 
shown in the figure. There appears to be only one 
pair of spiracles—at the anterior end. 

(c) 2nd stage larva. On ecdysis the Ist stage larval 
skin splits dorsally posterior to the head capsule and 
the old skin is pushed back, the 2nd stage larva 
being free anteriorly, and continuing to feed ex- 
ternally on the host as did the Ist stage larva. This 
is shown in Fig. 5, where the 2nd stage larva is seen 
with the Ist stage larval skin half sloughed off and 
in its turn remaining attached to the egg chorion. 
The 2nd stage larva does not have the well chiti- 
nized type of head capsule, but the type similar to 
that found in the following three larval stages. The 
head capsule is only lightly chitinized and details 
are shown in Fig. 6. There are nine pairs of spiracles, 
more lightly chitinized than in the later larval 
stages. The skin is very densely spinose (Fig. 7a); 
interspersed with the short spines are longer 
spinous sensillae. The spines are blunter and 
crowded several together at the posterior end of the 
larva where presumably they are of use in giving 
the larva a firm grip in the old larval skin (Fig. 7b). 
There appear to be only eight pairs of spiracles, 
the hindmost pair of the series being absent. 

(d) 3rd and 4th stage larvae. As before, at each 
moult, the larva retains its hold within the former 
larval skin which is pushed backwards. There is 
progressive change in the head capsules as is shown 
in Figs. 8 and 9. The skin remains spinose, and 
further visible changes are concerned merely with 
increase in size. 

(e) 5th stage larva. Although connexion with the 
series of larval skins is at first maintained in the 
5th larval stage it is later broken, and the larva 
completely devours the host. It is then about 


10cm. long and 0-2cm. in greatest width. The 
head capsule of the 5th stage is shown in Fig. 10 
and a single mandible in Fig. 11. Fig. 12 gives the 





F. J. Smuwmmonps 





153 


general aspect of the whole larva, and the nine 
pairs of spiracles (Fig. 13) are apparent. There are 
lateral, and to a certain extent dorsal, bulges in the 
body wall where the skin is more ridged than else- 
where. In general the skin in this stage loses its 
spinose character, the spines being replaced by small 
blunt papillae (Fig. 7c). The duration of the five 
larval stages appears to be very variable, and may 
be lengthened by increase in activity of the host, 
because this interferes with the parasite larva’s 
feeding. The larva within the egg takes a com- 
paratively long time to develop, and this, coupled 
with the variable length of duration of the larval 
stages, may be important in the survival of the 
species, for when Lozostege is the host the cocoon 
of the parasite is always formed in the soil within 
the host spin-up. Thus the host must finish feeding 
and be capable of forming its cocoon within the soil 
before it is seriously weakened by the feeding of the 
parasite larva, and before the latter is of such a size 
as to be dislodged or damaged when the host 
burrows into the soil. — 

(f) Prepupa and pupa. In 2 or 3 weeks at 
24° C. the parasite larva is full grown and remains 
within the host spin-up. It forms a cocoon about 
1-0 cm. long and 0-25 cm. wide, semi-transparent, 
light to dark amber in colour, fairly smooth and 
with a conspicuous lighter coloured band around 
the centre (Fig. 14). Within this cocoon the larva 
changes to an inactive prepupa (Fig. 15) which 
2 days later gives rise to the pupa which is cha- 
racterized by the long antennae and prominent 
tibial spines (Fig. 16). The pupa is at first bright 
yellow in colour but darkens with age to the colour 
of the adult. At 24° C. the pupal stage lasts approxi- 
mately 15 days, slightly longer with females than 
males. 


V. GENERAL CONSIDERATIONS 


Phytodietus has not only an economic importance 
as a biological control agent, but it is also of 
academic interest as an excellent example of the 
close correlation that may exist between the habits 
and structural peculiarities of a species. In general 
the parasitic (or parasitoid) habit involves great 
specialization in the morphology and behaviour of 
the adult and immature parasites, but even in this 
group Phytodietus and other members of the 
Tryphoninae are outstanding. Life histories similar 
to that of Phytodietus have been described for 
Paniscus by De Geer in the eighteenth century, 
Newport (1852), Poulton (1886), Sharp (1922), 
Strickland (1923) and Vance (1927), and that of 
Phytodietus segmentator Grav., a parasite of Loxo- 
stege sticticalis in Russia, by Anisimova (1931), 
where similar peculiarities have been recorded. In 
all these species the egg is of peculiar shape, which, 
together with the manner of laying and position in 
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Fig. 7. Skin of the larva. a, 2nd stage anterior end; b, 2nd stage posterior end; c, 5th stage anterior end. 
Fig. 13. 


Fig. 8. 
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Figs. 7-16 


Head capsule of the 3rd stage larva. 


Fig. 9. Head capsule of the 4th stage larva. 
Fig. 10. Head capsule of the 5th stage larva. 


Fig. 11. 
Fig. 12. 


Mandible of the 5th stage larva. 
Full grown 5th stage larva lateral view. - 


Fig. 14. 
Fig. 15. 
Fig. 16. 














Abdominal spiracle of the 5th stage larva. 
Cocoon. 

Prepupa. 

Male pupa. 
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which it is laid on the host, give the greatest pro- 
tection for, and ease of feeding to, the ensuing 
larva. The larval stages in their turn are well 
adapted to their peculiar mode of life. 

These facts give rise to interesting conjecture as 
to the mode of origin and method of incorporation 
into the inheritable specific complex of the peculiar 
characteristics which are important in the preserva- 
tion of the species. These characters are of a highly 
adaptive nature and are undoubtedly essential for 
the continuance of the species in its present form 
and environment. In the parasitic Hymenoptera 
adaptations to their peculiar mode of life are wide- 
spread, since the life history of the parasite (para- 
sitoid) entails certain specializations without which 
such a mode of existence would be impossible. 
From an adaptive and evolutionary standpoint 
such specializations are significant, but are of such 
a nature that they may have been derived in 
accordance with different evolutionary theories. 

Before discussing the specializations occurring in 
Phytodietus it would be as well to describe briefly 
this generalized parasitic (parasitoid) mode of 
existence. The adult female parasite lays her eggs, 
by means of a specialized ovipositor, on or in the 
host, which is usually an immature stage of some 
insect. The host may, or may not be killed or 
paralyzed at this time. The immature parasite 
larva feeds on or in the host, in many cases not 
interfering with the normal life of the latter until the 
parasite larva is fully grown, when it usually 
devours the host entirely. Following this the 
parasite forms a cocoon, pupates and emerges in the 
normal way. 

Now with Phytodietus certain further specializa- 
tions are seen, which may be itemized: 

(1) The host is temporarily paralyzed just prior 
to oviposition; it recovers later and resumes its 
normal activities. This is adaptive in so far as it 
enables the female parasite to attach an egg to the 
host with some precision. 

(2) The eggs are laid, not at random over the 
surface of the body of the host, but on the first two 
segments behind the head and usually on the ventral 
side, where they cannot be damaged by the host in 
its attempts to dislodge or destroy them with its 
mouthparts. 

(3) The egg possesses a very long irregularly 
spiral filamentous appendage at one end by means 
of which it is firmly, though not rigidly, anchored 
to the host skin. 

(4) In connexion with this the egg is laid in a 
specialized way. The ovipositor of the female is 
inserted just under the host skin and the egg slides 
down outside the valves, which contain the fila- 
mentous appendage which precedes the egg and is 
inserted into the host. 

(5) The mode of life of the parasite larva is 
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peculiar and there are specialized spines at the 
caudal end enabling each stage to retain its hold 
within the previous larval skin, the whole being 
firmly attached to the host by means of the empty 
egg. 

(6) Correlated with these specializations the 
female shows a very restricted choice in the size of 
host that she selects for oviposition. If the host 
larvae were too small ecdysis would probably de- 
stroy the parasite, or the growth of the parasite 
larva might interfere with the cocoon formation of 
the host. 

Almost complete interdependence is shown by 
several of these characteristics if they are con- 
sidered as factors in the survival of the species. For 
example, the specialized type of egg and mode of 
larval feeding are of little or no survival value if the 
ovipositing female does not possess the instinct for 
placing her eggs only on the anterior part of the host 
where they cannot be destroyed by the latter. If 
it is postulated that the | specializations have 
resulted by a selective process whereby only indivi- 
duals possessing definite advantageous and in- 
heritable deviations from the normal have survived, 
it must also be assumed that these individuals 
possessed simultaneously definite advantageous 
variations in several of these characters, both 
morphological and psychological. Inheritable varia- 
tions of sufficient magnitude to be advantageous to 
the species are of rare occurrence, and the prob- 
ability that several such variations, all integrating 
to give a single advantageous effect, would be pre- 
sent in the same individual is extremely small. In 
such a case where a number of specializations are 
interdependent the removal of a single small factor 
from the complex would result in extermination of 
the species. The supposition may be made, to offset 
the improbability of several such mutations occur- 
ring in the one individual, that all these different 
specializations are determined by a single genetical 
factor. If this is admitted it merely relegates the 
problem to that of the origin of such a single factor 
having such a complicated and perfectly co- 
ordinated effect. We are thus faced with a situation 
where a number of apparently separate specializa- 
tions are integrated into a single pattern in such a 
way that it appears impossible that they could 
have arisen independently, and yet on the other 
hand it seems impossible that there would occur 
simultaneously in the one individual genetical 
variations that would produce the whole complex 
pattern. Thus while Phytodietus offers an example of 
extremely well co-ordinated specializations both in 
habit and structure, there seems to be no adequate 
explanation as to how this complex has originated 
and been incorporated genetically into the specific 
characteristics. 

There also follows the question of the reason or 
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necessity for the origin of such specializations, 
irrespective of how they have been perfected and 
inherited. Basically this involves the same prob- 
lems as does that of the more general question of the 
origin of the parasitic habit in the Hymenoptera. 
The type of entomophagous hymenopteron from 
which the others would reasonably seem to have 
been derived is that in which a host is selected and 
stung to death, and an egg then laid near to it so 
that the resulting larva feeds on the dead host. This 
is essentially the same as the ‘ectoparasitic’ habit 
shown by such types as Microbracon, Ephialtes, 
Cryptus, etc., where the host larvae are attacked 
whilst in their cocoons. From this type, on the one 
hand, may be derived the provisioning habits of a 
number of solitary wasps, and thence the social 
behaviour of other forms. On the other hand, if the 
stinging of the host is not fatal and entails only 
partial paralysis or none, an egg laid nearby would 
be lost (unless it hatched very quickly). Hence 
along this line arose the ‘endoparasitic’ habit where 
the egg is placed within the host, and also the 
method of ‘parasitism’ described here in the 
Tryphoninae. The endoparasitic habit, too, in- 
volves specializations the origin of which it is very 
difficult to explain satisfactorily—respiratory modi- 
fications, ‘discriminate’ feeding by the parasite 
larva, such that vital organs of the host are not 
destroyed in early larval life, ete. It may be said 
that these forms have become specialized or that 
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they show some of the end results of evolution, but 
there is as yet no satisfactory explanation of the 
method by which these modifications have arisen 
and become part of the specific characteristics. 

From the material obtained and used in these 
investigations it appears that Phytodietus pulcher. 
rimus (Cress.) is a parasite of the sugar-beet web- 
worm which varies considerably in economic im. 
portance both from field to field and from season to 
season. In hibernating material collected in Alberta 
in 1942 it is seen that it comprised 28-4% of the 
living Loxostege material and 72-4% of the total 
overwintering parasites. In 1941 it was not repre. 
sented in hibernating material from Montana, and 
in 1945 was comparatively unimportant in material 
collected near Lethbridge, Alberta, where in three 
localities it attained a parasitism of 0-27% (1474 
hosts), 0:-40% (17,555 hosts), 0-50% (598 hosts), and 
40, 1-6 and 12-0% respectively of the living parasite 
material. No secondary parasites have been reared 
from Phytodietus, and it appears that its mode of 
life does not favour this type of attack. Further 
discussion of its importance as a controlling agent 
of Loxostege sticticalis L. will be given in a later 
paper, but it is obviously a species which, under 
certain conditions, can destroy larger numbe:s of 
the host. It is of interest that another member of 
this restricted genus, Phytodietus fumiferanae Roh., 
is in some areas an important parasite of the spruce 
budworm, Archips fumiferanae Clem. 
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HOST-PARASITE SPECIFICITY IN COCCIDIA: INFECTION 
OF THE CHICKEN WITH THE TURKEY COCCIDIUM, 
EIMERIA MELEAGRIDIS 


By J. S. STEWARD, F.R.C.V.S., D.V.S.M. 


From the Imperial Chemical (Pharmaceuticals) Limited 
Biological Laboratories, Wilmslow 


In the contrel of parasitic infections, next in im- 
portance to destruction of the parasite by chemo- 
therapy and disinfection, is full knowledge of the 
host specificity of the parasites concerned. It is 
probably correct that the host-parasite specificity 
of coccidia is very strict, though there has been in 
the past a number of records of cross infectivity of 
coccidia of one animal for another—mostly made 
before many species of coccidia had been fully 
determined. These records, almost without excep- 
tion, have been based on morphological resem- 
blances of naturally occurring or on accidental in- 
fections. The exceptions which are acceptable are 
the work of Andrews (1927), who demonstrated that 


Tyzzer (1929) states that he was unable to infect 
chickens with EF. meleagridis of the turkey and 
reports a number of other negative results for tests 
on cross-infectivity with other hosts and species of 
coccidia. 

In dealing with a natural outbreak of coccidiosis 
in young turkeys diagnosed as being due to E. 
meleagridis infective material became available and 
it was decided to attempt infection of the chicken. 

Two young chickens were dosed with 390,000 and 
260,000 sporulated oocysts, and a third was kept 
uninfected as a control. The chickens were kept in a 
sterilized cage in a room away from other poultry 
and fed on dry food, no fresh food being given. 


Table 1. Exp. 1. Exposure of chickens to oocysts of Eimeria meleagridis. Results of examinations 
of faeces expressed in oocysts per cover-slip 


Days after Control 
exposure to chicken 294 
infection unexposed 

3rd 0 

4th 0 

5th 

6th 0 

7th 0 

8th 0 

9th 0 


Isospora felis or I. rivolta from the cat and dog ap- 
pear to be infective to both animals, though the 
course of infection varies in each; and the excellent 
work of Tyzzer (1929), who showed that turkeys, 
and to a less degree chickens, might be infected with 
Eimeria dispersa of the quail, and that quail might 
be infected with EZ. dispersa from the pheasant. On 
the other hand, also in controlled experiments, 
Patterson (1933) failed in a number of cross infection 
experiments with coccidia of the chicken, pheasant 
and quail. Thus, he was unable to infect turkeys, 
ducks, pheasants or quail with LZ. tenella, or quail 
with EF. mitis, E. acervulina and E. mitis and 
E. maxima (mixed), all from chickens. He was also 
unable to infect chickens with EH. phasiana or 
E. dispersa from pheasants and quail respectively. 





Exposed to oocysts from turkeys 
A 





~ 


Chicken 373 
(260,000 oocysts) 


oa 
Chicken 364 
(390,000 oocysts) 


0 
0 
Not examined 
8 
8 
87 
20 


0 
0 


— 
bt bt bw 


The faeces were examined daily, after flotation 
with zinc sulphate solution (sp.gr. 1-250), and oocyst 
counts were recorded per cover-slip preparation— 
a uniform volume of faeces being used for all 
samples. On account of the great natural variations 
in moisture content of faeces samples oocyst and 
ova counts are, in the writer’s experience, very 
variable and a uniform volume standard is adopted, 
for convenience, instead of weighed samples. The 
amount used approximates 0-5g. of faeces of 
normal consistence. 

The oocysts passed by the chickens resembled 
those from the turkey, but more fully to confirm 
their source they were dosed, when sporulated, to 
two of four young turkeys, and the other two were 
kept as controls. The faeces of all four turkeys were 
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Table 2. Exp. 2. Exposure of turkeys to oocysts obtained from chickens which had been infected with 
Eimeria meleagridis from turkeys 
Results of examinations of faeces expressed in oocysts 
per cover-slip 
t A— re 
Exposed to 32,000 
Controls (unexposed) oocysts each 
Days after exposure r ae ‘ r — 
to infection* Turkey 187 Turkey 189 Turkey 188 Turkey 186 
3rd and 4th 0 0 0 0 
4th and 5th 0 0 0 0 
5th and 6th Not examined 
6th and 7th 0 0 10 120 
7th and 8th 0 0 90 16 
8th and 9th 0 0 0 0 


* The infective dose was given in two parts on successive days, 16,000 oocysts each day, consequently 1 day’s 
examination is entered as, for instance, 3rd and 4th day after infection meaning 3rd day after the later day of 


exposure and 4th after the earlier day. 


Table 3. Summary* of measurements of oocysts in microns 


Average measurements 


Length Width ——_——_, 
(range) (range) Length Width 
E. meleagridis (Tyzzer) — 23-79 17-38 
E. meleagrimitis (Tyzzer) —_ 18 15-25 
Oocysts from turkeys as used to infect 20-26 14-18 23 16 
chickens in Exp. 1 
Oocysts from chickens (Exp. 1) 18-21 12-15 18-6 13-5 
Oocysts from turkeys (Exp. 2) 21-31 15-18 25 16-5 


* Measurements of EL. meleagridis and E. meleagrimitis are taken from Tyzzer (1929); the oocysts dealt with in 
the present paper were measured under 4 in. objective used with a micrometer eyepiece (Leitz no. 2); sixty oocysts 


> 


were measured as obtained from the chickens and subsequently the turkeys in Exp. 2, and thirty specimens of the 
original oocysts from the turkeys. The only oocysts measured were those which appeared normal and were fully 


sporulated. 
negative for 7 days prior to infection. They were 
kept in sterilized cages and there were no other 
turkeys, so far as was known, within half a mile of 
the premises. 

Exp. 3. Administration of Eimeria acervulina 
oocysts to a turkey chicken: 600,000 sporulated 
oocysts of a more or less pure culture of EZ. acer- 
vulina derived from chickens were administered to 
Turkey 189 (then weighing 133 g.). The faeces 
remained negative. 


DISCUSSION 


The oocysts obtained from the turkeys affected 
with natural coccidiosis more closely resembled the 
described shape and recorded measurements of 
E. meleagridis than E. meleagrimitis, and so it is 
concluded that the species dealt with was E. 
meleagridis. 


In Exp. 1 the experimental infection is con- 
sidered to have been established as the unexposed 
control remained negative and the exposed birds 
became positive at the expected time of patency. 
That the infection was not in a natural host might 
be indicated by the relatively low infection resulting 
from such a high infective dose. Furthermore, the 
measurements of the oocysts resulting from this 
passage differ slightly from those in turkeys both 
before and after the passage, which difference may 
also be considered the result of development in a 
less suitable host. 

In Exp. 2 the experimental infection is also 
considered to have been established as the turkeys, 
which were removed almost from the eggshell into 
complete isolation and sterilized surroundings, 


developed the infection at approximately the 
expected time and the parasite became patent only 
in the birds exposed to infection. The controls kept 
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in the same cage did not show infection while the 
infection lasted in the experimental birds. 

In this experiment a relatively higher rate of 
infection occurred than in the previous one, 
especially considering the difference in the infective 
doses used. This may indicate that in this experi- 
ment the host was the natural one, as also may the 
fact that the measurements of the oocysts more 
closely agree with those of the original oocysts than 
in Exp. 1. 


J. S. STEWARD 





159 
SUMMARY 


1. Chickens were infected with Coccidia, con- 
sidered to be Himeria meleagridis, from turkeys. 

2. Turkeys were subsequently infected with 
oocysts obtained from the chickens. 

3. Slight variation from normal measurements of 
the coccidia in chickens is attributed to develop- 
ment in an abnormal host. 

4. E. acervulina from chickens was not infective 
to a coccidia-free turkey chick. 
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A REDESCRIPTION OF UNCINARIA LUCASI STILES, 
A HOOKWORM OF SEALS 


By H. A. BAYLIS, M.A., D.Sc., Department of Zoology, 
British Museum (Natural History) 


(With 6 Figures in the Text) 


In an earlier paper (1933) the writer drew attention 
to the inadequacy of the only existing description 
of Uncinaria lucasi, given, under the name of 
Uncinaria sp., by Stiles & Hassall (1899). Through 
the kindness of Dr E. C. Dougherty, it has now been 
possible to examine specimens of an Uncinaria from 
the type-host of U. lucasi (the Alaskan fur-seal, 




















Fig. 1. Anterior end of female; dorsal view. b. band of 
cuticular material; c. cuticular supporting structure; 
d. duct of dorsal oesophageal gland; m. membranous 
border of mouth; s. subventral tooth. 


Callorhinus alascanus). These were collected by 
Dr V. B. Scheffer, of the United States Fish and 
Wildlife Service, from the small intestine of a fur- 
seal pup at Polovina, St Paul Island (Pribylov group), 
in the Bering Sea in July 1945. There seems to be 
no reasonable doubt that they are of the same 
species as those originally described by Stiles & 
Hassall, the principal evidence being the identity 
of the host and locality, and the length of the 
spicules of the male worms. A new description is 
therefore presented, which it iz hoped will place the 
species on a more satisfactory footing. 





The name Uncinaria lucasi is generally attributed 
to Stiles & Hassall, in Stiles (1901). It appears, 
however, that this is an error, and that Stiles is the 
sole author of thename. Again through the kindness 
of Dr Dougherty, a microfilm has been obtained of 
the little-known paper by Stiles (1901) in which the 
name first appeared, and in this paper (which con- 


Fig. 2. Anterior end of female; lateral view. 6. band of 
cuticular material; d. duct of dorsal oesophageal 
gland; J. lateral papilla; s. subventral tooth. 


tains no description of the worm) there is no mention 
of Hassall in connexion with it. 

The only other species of Uncinaria recorded from 
seals is U. hamiltoni, which was described by the 
writer (1933) from Otaria byronia in the Falkland 
Islands.* It will be convenient, in the following 
description, to compare Uncinaria lucasi with 


* Johnston & Mawson (1945) have recorded females 
of ‘U. hamiltoni’ from Mirounga leonina in the Crozets, 
but from the measurements given it seems probable 
that their specimens were of a different species from 
either U. hamiltoni or U. lucasi. 
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U. hamiltoni, to which it shows, as might be ex- 
ted, a close resemblance in most of its characters. 
Males of U. lucasi measure about 7-4—8-7 mm. in 
length and 0-3-0-38 mm. in maximum thickness; 
females 12-4—-16 and 0-42-0-5 mm. respectively. The 











Fig. 3. Posterior end of male; lateral view. a.p. accessory 
piece; e.d. externo-dorsal ray; s. spicules. 





Fig. 5. Accessory piece and terminal portion 
of spicules; dorsal view. 


transverse cuticular striations are very fine and 
faint, the intervals between them being about 4—6 pu. 
The buccal capsule (Figs. 1 and 2)* measures 0-21- 
0-24 mm. in length in the male and 0-24-0-28 mm. 
in the female. As compared with the buccal capsule 


* To facilitate comparison, the figures are reproduced 
to the same scales as the corresponding figures of 
U, hamiltoni. 
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of U. hamiltoni, it is considerably smaller and of 
a somewhat different shape, its width both dorso- 
ventrally and latero-laterally being greater in pro- 
portion to its length. It lacks the annular thickening 
of its wall at the base which is usually present in 


. ee 
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Fig. 4. Dorsal ray of bursa; dorsal view. 





Fig. 6. Posterior end of female; lateral view. 


U. hamiltoni. The subventral teeth (Figs. 1, 2, s.) 
are much smaller. There are no tooth-like structures 
at the subdorsal angles of the border of the capsule. 
Near the subventral angles, however, there are 
paired cuticular supporting structures (Fig. 1, c.) 
within the membranous borders of the mouth which, 
in some views, present somewhat the appearance of 
a pair of large triangular teeth. The mouth-aperture, 
as in U. hamiltoni, is elongate dorso-ventrally, and 
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its borders, in preserved specimens, usually overlap 
towards its dorsal end (Fig. 1, m.). 

The club-shaped oesophagus is shorter than in 
U. hamiltoni. The distance from the anterior ex- 
tremity to its posterior end is about 1-1—1-2 mm. 
in the male and 1-25—1-4 mm. in the female. At its 
anterior end, where the funnel-like posterior portion 
of the buccal capsule opens into it, its wall appears 
to include a collar-like band of cuticular material 
(Figs. 1, 2, 6.), perhaps for the attachment of some 
of the muscle-fibres. The cervical papillae are 
situated at about 0-57—-0-62 mm., and the very 
inconspicuous excretory pore at about 0-6—0-67 mm., 
from the anterior extremity. The nerve-ring is 
difficult to see in the material available, but appears 
tobe at about the same level as the cervical papillae. 

The bursa of the male (Fig. 3) is much smaller 
than in U. hamiltoni, and narrower dorso-ventrally 
in proportion to its length. All the lateral rays are 
of almost equal length, whereas in U. hamiltoni the 
antero-lateral ray tends to be rather shorter than 
the other two. The terminal branches of the dorsal 
ray (Fig. 4) are similar, but its main branches are 
shorter in proportion to the main stem. The spicules 
are about half as long as in U. hamiltoni, measuring 
about 0-5—0-56 mm. They have transversely striated 
flanges along almost the whole length of their dorsal 
surfaces. These flanges appear to be fused together 
for a short distance near the distal ends, but the 
finely-pointed tips of the spicules are free. The 
accessory piece (Figs. 3, a.p., and 5) is smaller but of 
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similar shape to that of U. hamiltoni, being widened 
in its posterior half, where it forms a groove for the 
spicules. Its length is about 0-08-0-09 mm. 

The tail of the female (Fig. 6) measures about 
0-21—0-25 mm. or possibly a little more in length, 
including a short terminal spike which, in many of 
the present specimens, has been lost by erosion, 
probably as a result of slight maceration. The tail 
is usually slightly narrowed at about the middle, 
There is a pair of inconspicuous papillae at about 
0-06—0-08 mm. from the tip. The vulva is situated 
at about 5-2—6-3 mm. from the posterior end. Its 
lips usually form a rather prominent papilla. The 
combined length of the directly opposed ovejectors 
is about 1 mm. The eggs measure 0-12-—0-14 x 0-08- 
0-088 mm. They have rather thick shells (about 
4-5 x) and contain coiled embryos when ready for 
laying. 

In the writer’s former paper (1933) reference was 
made to some specimens of Uncinaria from a Cali- 
fornian sea-lion,* lent for examination by the late 
Dr M. C. Hall. Of these specimens, which were 
referred somewhat doubtfully to U. hamiltoni, some 
measurements were given, and it is interesting to 
note that they are in some respects intermediate 
between U. hamiltoni and U. lucasi. 


* Dr E. C. Dougherty has kindly drawn my attention 
to the fact that Palo Alto, the locality recorded for these 
specimens, is about 8 miles from the south end of 
San Francisco Bay, and is unlikely to have been the 
place of capture of the host. 
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I. INTRODUCTION 


The difference in response to antimalarial drugs of 
infections of avian malaria induced by sporozoites 
and by blood-inoculation is well known. Whereas 
Roehl (1926) found that plasmoquine in dilutions of 
1/1500 to 1/50,000 prolonged the incubation period 
significantly in blood-inoculated infections of Plas- 
modium praecox (=P. relictum), Russell & Nono 
(1932) found that it had no action, even when given 
in the maximum tolerated dose, upon infections 
induced by sporozoites. Tate & Vincent (1933a) con- 
frmed this observation, and also found (Tate & 
Vincent, 1934) that atebrin, though highly effective 
upon blood-inoculated infections, as shown by 
Kikuth (1932, 1933), was without action upon 
sporozoite-induced infections. Not only did this 
drug, when given in the maximum tolerated dose 
both before and after infection, fail to prolong the 
incubation period significantly, but in one bird in 
which drug treatment was continued until the 
10th day after infection, parasites appeared in the 
erythrocytes during treatment. This observation 
was confirmed in a later, unpublished experiment, 
in which they observed a few parasites, from the 
8th-14th day after infection, in a canary which had 
received one 5 mg. dose of atebrint{ prior to infection 


* This work has been financed by the Medical 
Research Council. 

t Member of the Scientific Staff of the Medical 
Research Council. 

t In Tate & Vincent’s (1934) experiments, and in 
those described in the following account, the doses of 
drug were calculated in mg./20 g. of body weight of bird. 


with sporozoites of P. relictum, and sixteen con- 
secutive daily doses subsequently. The parasites 
which appeared during atebrin treatment, or imme- 
diately after it had ended, were devoid of pigment 
granules and stained very lightly with Leishman’s 
stain. Such abnormal parasites, when injected into 
clean birds gave rise to normal infections of pig- 
mented parasites. 

Kikuth & Mudrow (1939) observed that in birds 
infected with liver suspensions containing exo- 
erythrocytic stages of P. cathemerium, parasites 
appeared in the peripheral blood during treatment 
with quinine or atebrin. Observations of a similar 
nature in infections of P. gallinaceum in fowls were 
made by Adler & Tchernomoretz (1941), who found 
that merozoites arising from exo-erythrocytic schi- 
zonts could penetrate into the erythrocytes although 
the host was receiving daily doses of 150 mg./kg. 
of quinine. These small trophozoites did not, how- 
ever, develop further unless the quinine treatment 
was interrupted, or the dose was reduced to 
50 mg./kg. 

In infections of P. relictum induced by blood- 
inoculation Tate & Vincent (1934) found that the 
effective range of doses of atebrin, when given on 
six consecutive days including the day of inoculation, 
was 5-0-33 mg. As a similar regimen of 5 mg. doses 
failed to inhibit the appearance of parasites in the 
red blood corpuscles of birds infected with sporo- 
zoites, it was apparent that in such infections 
invasion of the red blood corpuscles could take place 
in the presence of fifteen times the dose suppressive 
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to blood-inoculated infections. A possible explana- 
tion was that in sporozoite-induced infections 
erythrocytic parasites resistant to atebrin were pro- 
duced during treatment with the drug. When, how- 
ever, in further unpublished experiments, Tate & 
Vincent inoculated such parasites intramuscularly 
into clean canaries and treated them from the day 
of inoculation, in one case with ten consecutive 
daily doses each of 5 mg. of atebrin, and in the 
second case with six similar daily doses, the birds 
were sterilized of their infections, whereas a normal, 
though slight, attack developed in an untreated 
control bird. The appearance of parasites in the 
erythrocytes during treatment with atebrin could 
not therefore be ascribed to the development of 
true drug-resistance since they showed a normal 
sensitivity to the drug on being transferred to a new 
host. 

The discovery made since Tate & Vincent’s ex- 
periments, in several species of avian malaria, that 
sporozoites undergo a cycle of development in the 
cells of the reticulo-endothelial system prior to the 
invasion of the erythrocytes, offers an explanation 
of the difference in reaction to antimalarial drugs 
of infections induced by sporozoites and by blood- 
inoculation. The parasites observed by Tate & 
Vincent during treatment with atebrin, and by 
Kikuth & Mudrow during treatment with atebrin 
or quinine, may be presumed to have arisen from 
exo-erythrocytic parasites unaffected by the drug, 
as suggested by the latter workers, but their ability 
to invade erythrocytes in birds receiving fifteen 
times the dose of atebrin suppressive to blood- 
inoculated infections seemed to warrant further 
investigation. 


II. METHODS 


The following experiments were performed upon 
the two strains (A and G) of P. relictum used by 
Tate & Vincent (1934). No difference has been 
observed in the reaction of these strains to atebrin 
(mepacrine), plasmoquine or quinine. Strain A has 
the advantage of a high rate of gametocyte produc- 
tion throughout the year, whereas in strain G it 
falls off during the winter months (Bishop, 1943). 
The two strains, therefore, have been used indis- 
criminately, the choice depending upon which pro- 
duced the greater number of gametocytes at the 
time required. 

The canaries were inoculated with sporozoites 
either by the bite of infected mosquitoes, or by the 
intramuscular or intravenous injection of a suspen- 
sion of sporozoites in saline, prepared from freshly 
dissected salivary glands. No difference in resulting 
infection was observed from the use of these three 
methods, though’ the incubation period following 
intravenous injection frequently was at least one day 
less than when the other methods were used. 


Blood-inoculated and sporozoite-induced infections 


The drugs were given to the canaries orally, by 
catheter tube, in aqueous solution, the dose being 
calculated in mg./20g. of body weight of bird. 
Unless otherwise stated, the doses were given once 
daily, the first being given immediately after inocu- 
lation. 

In the early experiments a water-soluble prepara- 
tion of atebrin (Bayer) was used, but later mepacrine 
hydrochloride, also water-soluble, was used. The 
bases of these compounds are identical, but the 
German product is called atebrin, and the British 
mepacrine. The mepacrine powder was kindly 
supplied to us by Imperial Chemical (Pharma. 
ceuticals) Ltd. 

The maximum dose of atebrin (or mepacrine) 
which canaries will tolerate when given orally on 
six or more successive days is 5 mg. The maximum 
tolerated dose of quinine hydrochloride, when given 
under similar conditions is 5 mg. in the majority of 
birds, but this dose may produce severe though 
not fatal symptoms of toxicity in some individuals. 
In our experience 2-5mg. is the highest dose 
tolerated by all birds. 

Withregard to the toxicity of plasmoquine simplex 
(Bayer), our experience was similar to that of Tate 
& Vincent (1933a, 19336). The highest dose which 
could be given with safety to all canaries was 
0-32 mg. 

The drugs were made up freshly daily or on 
alternate days. 


Ill. THE EFFECT OF PROLONGED TREAT. 
MENT WITH ATEBRIN (MEPACRINE) UPON 
SPOROZOITE-INDUCED INFECTIONS 
OF PLASMODIUM RELICTUM 
When daily doses of 5 mg. of atebrin or mepacrine 
were given to canaries inoculated with sporozoites 
of P. relictum, parasites appeared in the erythrocytes 
of the peripheral blood during treatment, and after 
an incubation period not significantly longer than 
in the untreated control birds (Table 1). The cyto- 
plasm of the parasites, as described by Tate & 
Vincent (1934), stained very lightly with Giemsa’s 
stain and frequently was vacuolated. The nuclei 
stained with normal intensity with Giemsa’s stain. 
The parasites were, as noted by Tate & Vincent, 
devoid of pigment granules. Whereas the majority 
of the parasites were small and uninucleate, indi- 
viduals with two, four, six or eight nuclei were not 
infrequent. Many of these multinucleate parasites 
were so large that they filled the greater part of 
the red blood corpuscle, though they never attained 
to the size of the normal fully grown schizont, and 
they were less robust in appearance. Parasites 


actually undergoing schizogony were also found. 
Besides these parasites some were also present which 
were shrunken and stained very darkly and were 
obviously severely affected by the drug. 
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Infections in birds undergoing prolonged treat- 
ment with atebrin or mepacrine varied in intensity, 
some being so slight that it was necessary to examine 
several or even many microscopic fields (345 in. objec- 
tive x 10 ocular) before a parasite could be found, 
whereas in others parasites were present in each, or 
each alternate field, and at the peak of one infection 
there was an average of seven parasites per field. 
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might fall to a low level during the 24 hr. between 
doses, and that merozoites arising from exo-erythro- 
cyticschizonts might enter erythrocytes and undergo 
some development there before the blood-concentra- 
tion rose again after further dosing. Little variation, 
however, in size of parasite, or in the proportion of 
multinucleate to uninucleate forms was found in 
films made 6 hr. before dosing, immediately before 





Table 1. The effect of atebrin or mepacrine upon sporozoite-induced infections 
of Plasmodium relictum in canaries 


Period 
(in days) Post-mortem examination 
of infection Day of internal organs 
No. of in red blood when for exo-erythrocytic 
bird Dosage* corpuscles killed parasites 
Atebrin 

4238 15x5 10-15 — — 

4354 14x56 8-12 14 0 

4453 17 x (2 x 2-5) 12-17 — — 

5108 9x5 8-14 — — 

5109 9x5 7-9 9 Liver ++, spleen +, 
marrow + 

Mepacrine 

5351 9x5 7-9 9 Spleen +, brain (+) 

5352 14x5 8-14 os — 

5362 8x5 6-8 8 Liver +++, spleen +++, 
kidney ++, brain +, 
lung ++ 

5420 9x5 7-10 _ _— 

5680 11 x (2 x 2-5) 7-11 -- — 

5392 21 x 0-32 7-11 oe _ 

5436 8 x 0-32 6-7 7 Liver +++, spleen ++, 
kidney +++, lung +, 
brain (+) 

5451 8 x 0-32 6-8 8 Liver +, spleen ++ 

Controls 

4237 8-14 - — 

4353 6-13 a _ 

5107 8-14 — os 

5354 8 9 0 

5419 5-12 —_ a 

5452 6-8 8 Liver +, spleen + 


* Dosage is calculated in mg./20 g. of body weight of bird. The first dose was given on the day of inoculation. 
16 x 5 means that doses of 5 mg. were given on fifteen consecutive days. 17 x (2 x 2-5) means that doses of 2-5 mg. 


were given twice daily on seventeen consecutive days. 
(+)=very slight infection. 
+ =slight infection. 


Several of the birds under treatment with atebrin 
or mepacrine were killed whilst the infections were 
patent. Exo-erythrocytic parasites in all stages of 
schizogony were found in impression smears of the 
internal organs in five out of six of the birds 
examined (Table 1). They were most prevalent in 
the liver and spleen, though they were also found 
in some birds in the kidney, lung, marrow and brain. 

It seemed possible that, since the drug was ad- 
ministered once daily, its concentration in the blood 





++ =moderate infection. 
+++ =heavy infection. 


the drug was given and 2-3 hr. later. When the 
5 mg. dose of atebrin or mepacrine was divided 
into two doses each of 2:5 mg., one being given 
between 9.30 and 10 a.m. and the other between 
5 and 6 p.m., uninucleate and multinucleate forms 
were found in one of the two birds treated. In the 
remaining bird only uninucleate and binucleate 
forms were found. 

If the administration of the drug was stopped 
whilst parasites were present in the peripheral blood 
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(Table 1, bird 5108) there was no increase in the 
intensity or duration of the infection as compared 
with birds treated for longer periods nor of the 
proportion of multinucleate to uninucleate parasites. 
The parasites remained devoid of pigment granules 
during the period corresponding to that of normal, 
acute infection, but those found later at infrequent 
intervals, when the birds had passed into a chronic 
state of infection and no drug had been given for 
some weeks, were normal in appearance and 
possessed pigment granules. 

Experiments (Table 2) confirmed the efficacy of 
atebrin and mepacrine upon infections of P. relictum 


Table 2. The effect of atebrin or mepacrine upon 
blood-inoculated infections of Plasmodium relictum 
in canaries 

Day of 
appearance of 
parasites in 


No. of peripheral 
bird Dosage blood 
3887 6x5 A Sterilized 
3888 6x5 A 33 
3889 6x0-32 A 19 
3890 6x0-32 A 33 
5325 6x0-32 M 14 
5520 6x0-32 M 16 
5541 6x0-32 M 13 
5655 6x0-32 M 25 
5656 6x0-32 M 21 
4281 28x 0-32 A 40 
4352 35x0-32 A Died on 56th 

day, still 
negative 

5359 23x 0-32 M 35 
3891 6x0-16 A 5 
3892 6x0-16 A 5 

A=atebrin. M=mepacrine. 


induced in canaries by inoculation with infected 
blood. As Tate & Vincent (1934) report, not only 
the maximum tolerated dose (5 mg.), when given 
on six consecutive days beginning with the day of 
inoculation, prolonged the period of incubation sig- 
nificantly or sterilized the bird of its infection, but 
doses as small as 0-32 mg. were definitely effective. 
Doses below 0-32 mg. were without effect. When 
daily treatment with 0-32 mg. of atebrin or mepa- 
crine (Table 2, birds 4281, 4352 and 5359) was 
prolonged beyond the normal period of incubation 
in blood-inoculated birds no parasites appeared in 
the erythrocytes during treatment, but in two cases 
a very light infection of normal parasites developed 
12 days after it had ended. 

When sporozoite-induced infections were treated 
daily, for a period exceeding that of normal incuba- 
tion, with the minimum dose effective upon blood- 
inoculated infections (0-32 mg.), parasites appeared 


Blood-inoculated and sporozoite-induced infections 


in the erythrocytes during treatment (Table 1, 
birds 5392, 5436 and 5451). The infections were 
heavier than the majority of those occurring during 
treatment with the maximum tolerated dose (5 mg.), 
the number of parasites per field averaging 3-10, 
but they were devoid of pigment granules and 
similar in appearance to those occurring in birds 
receiving 5 mg. doses. Though the majority were 
uninucleate, multinucleate parasites and schizonts 
breaking up into eight merozoites were present. In 
birds treated with the smaller doses, as in those 
which received the larger doses, parasites were 
found which were severely affected by the drug, 
their cytoplasm being shrunken and deeply stained. 

Tate & Vincent’s observation that the appearance 
of parasites in the peripheral blood of canaries 
infected with sporozoites, during treatment with 
atebrin, was not due to drug resistance was con- 
firmed. Two normal birds were inoculated intra- 
muscularly with parasites which had appeared in 
a sporozoite-infected bird during treatment with 
5 mg. doses of atebrin. One bird received six daily 
doses of 0-64 mg. of atebrin and the other 0-32 mg. 
The former bird was sterilized of its infection and 
in the latter the infection was retarded until the 
18th day after inoculation. Untreated control birds 
inoculated from the same source produced normal 
though light infections. Parasites arising from 
sporozoite-induced infections during treatment with 
atebrin are therefore as sensitive to the drug on 
inoculation into a new host as those occurring in 
normal blood-inoculated infections. Any drug-re- 
sistance there may be is of a purely transitory 
nature which is lost on inoculation into a new host. 

It is impossible, after intramuscular inoculation, 
to study the immediate effect wpon the parasites of 
introduction into a new host, as even in untreated 
birds they do not appear in the blood in any appre- 
ciable number before the 5th or 6th day. After 
intravenous injection with heavily infected blood 
parasites can be found in the peripheral blood of 
the new host immediately. By this method, thero- 
fore, it is possible to compare the immediate effect 
upon parasites of inoculation into a normal un- 
treated bird, with inoculation into a bird, previously 
uninfected, but which has received the same number 
of doses of drug as the original host, and in which 
therefore the blood-concentration of drug is pre- 
sumably roughly the same. 

Blood was taken on the 8th day after infection 
with sporozoites, from a canary which had received 
eight daily doses of 0-32 mg. of mepacrine. In 
smears made at the time when the blood was with- 
drawn ten or more parasites, devoid of pigment 
granules and for the most part uninucleate, were 
present per field. The blood (0-15 c.c.) was diluted 
with an equal amount of citrate saline solution and 
injected slowly into the toe vein of a canary which 
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had previously received eight daily doses each of 
0-32 mg. of mepacrine. The drug-treatment of the 
recipient was continued for a further 10 days. A few 
vacuolated parasites devoid of pigment granules 
were found 24 hr. after inoculation, and single 
similar parasites on the 3rd and 7th days. Thereafter 
the blood remained free from parasites until the 
bird’s death 10 days after drug treatment had ended. 
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development immediately after being transferred 
into a normal host, and that the absence of pigment 
granules and the small size of the schizonts are 
due to the presence of the drug. Though parasites 
may be numerous in the erythrocytes of the peri- 
pheral blood of a bird inoculated with sporozoites 
and undergoing treatment with mepacrine, they 
are incapable of producing an attack in a fresh host 





Table 3. The effect of quinine 2HCl upon sporozoite-induced 
infections of Plasmodium relictum in canaries 


Period 
(in days) Post-mortem examination 
of infection of internal organs 
No. of in red blood Day when for exo-erythrocytic 
bird Dosage corpuscles killed parasites 
5402 15x5 7-14 15 0 
5417 8x5 7-8 8 Liver +++, spleen, kidney (+), 
marrow (+) 
5489 7x5 5-7 7 Liver ++, spleen (+), 
kidney + 
5679 10 x (2x 2-5)+2x5 7-12 — — 
5394 10 x 2-5 7-10 10 0 
5408 8 x 2-5 6-8 8 Liver +(+), spleen +++, 
kidney + 
Controls 
5401 7-9 9 — 
5419 5-12 — — 
5488 6-7 7 Spleen + 


In a further experiment equal volumes (0-05 c.c.) 
of heparinized blood from a canary which had been 
inoculated intravenously with sporozoites 8 days 
previously, and which had received daily doses of 
0-32 mg. of mepacrine in the intervening period, 
were injected intravenously into two canaries. The 
blood contained an average of eight parasites per 
fieid, some of which were multinucleate and all 
devoid of pigment granules. One of the recipients 
had previously received eight daily doses of 0-32 mg. 
of mepacrine, so that the blood-concentration of 
drug was presumably roughly the same as that of 
the donor bird, whereas the second bird was un- 
treated. The former recipient received fourteen 
further doses of the drug and during this period 
single multinucleate parasites, vacuolated and de- 
void of pigment granules, were found in the peri- 
pheral blood on four occasions. After a period of 
6 days following the termination of treatment, 
during which no parasites were found, a slight in- 
fection of normal parasites developed. I the 
untreated recipient bird parasites, normal im ap- 
pearance and containing pigment granules, were 
found within 24 hr. of inoculation, and a heavy 
infection developed. The fully-grown schizonts were 
normal in size and in number of merozoites. 

These experiments therefore show that the 
parasites arising from sporozoite infections during 
treatment with mepacrine are capable of normal 





if this is undergoing treatment with the drug. They 
may, however, give rise to an infection of normal 
parasites when drug treatment has ceased. 


IV. THE EFFECT OF PROLONGED TREAT- 

MENT WITH QUININE HYDROCHLORIDE 

UPON SPOROZOITE-INDUCED INFECTIONS 
OF PLASMODIUM RELICTUM 


The effect of quinine hydrochloride upon sporozoite- 
induced infections of P. relictum when dosage is 
prolonged beyond the normal period of incubation 
was studied for comparison with atebrin. 

In birds receiving daily doses each of 5 mg. 
(Table 3) parasites were found in the erythrocytes 
of the peripheral blood during treatment. They 
appeared on the 5th—7th day and were present for 
a period approximately equal to that of acute in. 
fection in untreated birds. The number of parasites 
per field varied from two to six, and, though the 
greater proportion were uninucleate, schizonts and 
mature gametocytes of both sexes were found. The 
schizonts were smaller than normal, the average 
number of merozoites being eight. In birds re- 
ceiving daily doses of 2-5 mg. comparatively heavy 
infections occurred in the erythrocytes during treat- 
ment, up to thirty parasites being found per field. 
In some birds receiving this dose the proportion of 
schizonts and mature gametocytes was high, and 
the former frequently contained 12—16 merozoites. 
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The parasites, unlike those occurring during treat- 
ment with atebrin, contained pigment granules, and 
though some were vacuolated and stained less in- 
tensely than normal, many, including gametocytes, 
were normal in appearance. 

In order to discover whether the growth of the 
parasites was due to a fall in the blood-concentration 
of the drug during the 24 hr. period between doses, 
a bird (Table 3, bird 5679) was given quinine twice 
daily beginning with the day of inoculation with 
sporozoites. It was not possible to give two doses 
each of 5 mg. daily for several days, as severe toxic 
symptoms developed, but doses of 2-5 mg. twice 
daily were well tolerated. Neither mature schizonts 
nor gametocytes were found during this regimen, 
uninucleate and young multinucleate forms alone 
being seen, but when, on the 4th and 5th day of 
patent infection, the dosage was changed to one 
single dose of 5 mg. daily, mature schizonts and 
gametocytes appeared. 

In birds infected with sporozoites and undergoing 
treatment with quinine, exo-erythrocytic schizonts 
were found in three out of four killed whilst the 
infections were patent. 

In infections of P. relictum induced by the inocula- 
tion of infected blood six consecutive daily doses of 
2-5 mg. of quinine will retard the appearance of 
parasites in the peripheral blood for a significant 
period. In twenty-five birds thus treated the average 
prepatent period was 13 days as compared with 
5-7 days in the untreated controls. When 2-5 mg. 
of quinine was given daily for 20 days, beginning 
with the day of inoculation, to a bird inoculated 
intramuscularly with infected blood, no parasites 
were found during treatment. 

It is obvious from these experiments that para- 
sites can appear in the erythrocytes of the peripheral 
blood of birds infected with sporozoites, during 
treatment with quinine in doses sufficient to sup- 
press infections induced by blood-inoculation, but 
that full development only occurs when the drug 
is given once daily—a regimen which presumably 
allows a decrease in blood concentration of drug 
sufficient to enable many parasites to reach maturity 
during the 24 hr. periods between doses. 

Blood (0-2 ml.) containing thirty parasites per 
field in all stages of development was taken from 
a@ sporozoite-infected canary which had received 
eight daily doses of 2-5 mg. of quinine, and was 
injected intravenously into a bird which had re- 
ceived similar quinine treatment and which was 
subjected to eight further daily doses. A few vacuo- 
lated parasites were found in the peripheral blood 
during the first 4 days following inoculation, but 
thereafter the blood remained free from parasites 
until 4 days after drug treatment was discontinued. 
A very low-grade infection then developed which 
lasted for 6 days, after which no parasites were 
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found. A similar volume of blood from the same 
source produced a heavy infection within 48 hr,, 
when injected intravenously into an untreated bird, 
This infection persisted for 17 days. 

It can be concluded, therefore, that, although para. 
sites which appear during treatment with quinine in 
the peripheral blood of birds infected with sporozoites 
may develop into fully grown schizonts, they are 
incapable of multiplying when introduced into the 
blood of a fresh host whilst this also is receiving 
quinine treatment. In this respect they resemble the 
parasites arising during treatment with atebrin. 


V. THE EFFECT OF PROLONGED TREAT. 
MENT WITH PLASMOQUINE UPON 
SPOROZOITE-INDUCED INFEC- 
TIONS OF PLASMODIUM 
RELICTUM 


Although Tate & Vincent (1933 a) found that plasmo- 
quine, even when given in the maximum tolerated 
dose, had little or no preventive action upon 
sporozoite-induced infections of P. relictum, para- 
siteS were not found in the peripheral blood during 
treatment. They appeared, however, within 3 or 
4 days after this had ceased. Kikuth & Mudrow 
(1939) observed in infections of P. cathemerium 
induced by sporozoites, or by suspensions of organs 
heavily infected with exo-erythrocytic parasites, 
that plasmoquine given during the period of normal 
incubation not only prevented the appearance of 
parasites in the peripheral blood, but appeared to 
inhibit to some extent, though never entirely, the 
development of exo-erythrocytic parasites. 

In Tate & Vincent’s experiments drug-treatment 
in no case exceeded 11 days. The effect of prolonged 
treatment with plasmoquine (Table 4) of canaries 


Table 4. The effect of plasmoquine upon sporozoite- 
induced infections of Plasmodium relictum in 
canaries 


Period Post-mortem 
(in days) examination 
of infec- of internal 
tionin Day organs for 
No. of red blood when exo-erythrocytic 
bird Dosage corpuscles killed parasites 
5355 25 x 0-32 32-41 _- —- 
5363 21 x 0-32 31-35 _- —_— 
6415 8 x 0-32 i 8 Liver (+) 
5491 7x 0-32 — 7 0 
5412 18 x 0-02 7-11 _ -~ 
Controls 
5354 — 8-9 9 0 
5364 — 7-12 = o- 
5411 — 7-14 _ —_- — 
6414 —- 6-8 8 Spleen (+), 
marrow (+) 
5488 —_ 6-7 7 Spleen +, 
liver + 
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heavily infected with sporozoites, was studied in 
order to discover whether parasites would ultimately 
appear in the peripheral blood during treatment. 
When doses of 0-32 mg. (M.T.D.) were given daily 
for periods of 21 or 25 days to birds infected with 
sporozoites, no parasites appeared in the peripheral 
blood during treatment, but a very low grade in- 
fection of normal parasites developed a week or 
10 days after it had ended. With doses of 0-02 mg. 
parasites appeared in the peripheral blood from the 
ith-llth day. The majority of the parasites were 
small and uninucleate, but some schizonts also were 
seen, though these never contained more than eight 
merozoites. Gametocytes, smaller than normal and 
with diffuse nuclei, also were found. The parasites 
contained pigment granules. 

Doses of 0-02 mg. of plasmoquine, when given on 
six successive days beginning with the day of inocu- 
lation, were, in our experience, as in that of Roehl 
(1926) and Tate & Vincent (1933a, 19336), effective 
upon infections induced by blood-inoculation. Even 
doses of 0-01 mg. delayed the appearance of para- 
sites until the 14th day or longer in four out of five 
birds. When daily doses of 0-02 mg. of plasmoquine 
were given to a bird inoculated with infected blood 
no parasites appeared in the blood during the period 
of drug treatment (22 days following inoculation) but 
afew were seen 12 days after treatment had ended. 

In sporozoite-induced infections plasmoquine, 


therefore, when given in the maximum tolerated 


dose though it does not prevent infection, is able to 
prevent merozoites arising from exo-erythrocytic 
schizonts from penetrating into the erythrocytes at 
least in numbers sufficient to be demonstrated by 
direct observation, but in doses of 0-02 mg. it is 
incapable of preventing this, though such doses will 
inhibit the multiplication of parasites of erythrocytic 
origin. 

Two canaries heavily infected with sporozoites 
and undergoing treatment with 0-32 mg. of plasmo- 
quine (Table 4, birds 5415 and 5491) were killed at 
a time when exo-erythrocytic parasites were present 
in the majority of sporozoite-infected birds treated 
with atebrin or quinine, and in the controls, but 
prolonged search revealed only a few exo-erythro- 
cytic forms in the liver of one of the birds. The other 
organs were all negative on examination. The 
numbers of exo-erythrocytic schizonts present in 
sporozoite-infected control birds, or in such birds 
treated with atebrin or quinine are, however, so 
variable that observations based on two birds only 
are not significant.* 


* In a personal communication Dr D. G. Davey told 
A.B. that he has evidence that pamaquin (plasmoquine) 
has an inhibitive effect upon the development of exo- 
erythrocytic forms of Plasmodium relictum and P. cathe- 
merium in canaries, though the drug does not eradicate 
them completely. 


AND OTHERS 





169 


VI. DISCUSSION 


Our experiments with atebrin, quinine and plasmo- 
quine upon sporozoite-induced infections of P. re- 
lictum confirm the observations of Kikuth & Mudrow 
(1939) upon P. cathemerium that plasmoquine is 
more effective against infections induced by sporo- 
zoites than either of the other drugs. No parasites 
were found in the erythrocytes during treatment 
with the maximum tolerated dose when this was 
continued beyond the normal period of incubation. 
Whether this is due to an inhibitive effect of the 
drug upon the development and multiplication of 
exo-erythrocytic parasites arising from the sporo- 
zoites, so that the number of merozoites entering 
red blood corpuscles is so few that they escape 
detection in the blood films, or whether the con- 
centration of drug in the plasma is lethal to the 
merozoites, causing them to die before they can 
effect an entry into the erythrocytes, has not been 
proved. 

Atebrin and quinine in the maximum tolerated 
dose not only fail to prevent merozoites arising 
from exo-erythrocytic schizonts from penetrating 
into the erythrocytes, but allow a small proportion 
to develop there. That the parasites in the erythro- 
cytes differ greatly in the degree to which they are 
affected by the drug may be due to a difference in 
the rate of its absorption by individual corpuscles, 
with the result that intracorpuscular parasites are 
exposed to jlifferent drug-concentrations, or there 
may be a difference in drug-susceptibility amongst 
the parasites themselves. 

The growth and rate of division of parasites sur- 
viving in the erythrocytes appear to be affected by 
the drugs, as few develop into schizonts, and those 
that do contain a smaller number of merozoites 
than normal. This observation is in agreement with 
that of Lourie (19346) who found that the growth of 
P. cathemerium was retarded by therapeutic doses 
of quinine and that the number of merozoites formed 
in the erythrocytes was 3-6 as compared with 15-16 
in untreated infections. The mode of action of 
atebrin upon P. relictum must, however, differ from 
that of the other two drugs as it prevents the forma- 
tion of pigment even in mature parasites, whereas 
they do not. The effect of atebrin upon pigment 
granules had been noted previously by other workers. 
Thus James (1934) observed a disappearance of 
pigment granules in the parasites of patients under- 
going treatment with atebrin ; Tate & Vincent (1934) 
noted its absence in P. relictum, and Hewitt & 
Richardson (1943) described a similar effect in 
P. lophurae. According to Hewitt & Richardson, 
the pigment granules already formed within the 
parasites are extruded or dissolved on treatment 
of the host with the drug. But our experiments 
show that atebrin also definitely prevents pigment 
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formation in parasites which are growing inside the 
erythrocytes. The metabolic processes of the parasite 
must therefore be fundamentally affected by the 
drug. 

Doses of atebrin exert an effect upon P. relictum 
for a longer period than quinine. Thus in sporozoite- 
induced infections, if atebrin treatment is terminated 
during the period corresponding to that of the acute 
attack the appearance of the parasites does not 
revert to normal nor does the intensity of infection 
increase. This, presumably, is due to the slow rate 
of excretion of the drug. The tissues of birds which 
have received a course of atebrin are stained yellow 
for some days, or even longer, after treatment has 
ceased. In the fowl, according to Kelsey and co- 
workers (1943), quinine is rapidly excreted, prac- 
tically all the drug disappearing from the tissues 
within 24 hr. Rapidity of excretion of the drug 
would explain the difference in results when sporo- 
zoite-induced infections are treated with 2-5 mg. of 
quinine once and twice daily. In the former cases 
mature schizonts with 12-16 merozoites and fully 
grown gametocytes are found, whereas in the latter 
only immature parasites are present. In the former 
case the blood-concentration of the drug presumably 
falls sufficiently low between doses to allow the 
development of the parasites to proceed whereas in 
the latter case it inhibits it almost completely. A 
single daily dose of 5 mg. of quinine produces a con- 
centration over the 24 hr. period sufficient to inhibit 
growth and development to some extent, but not 
so completely as a 2-5 mg. dose twice daily. 

In sporozoite-induced infections merozoites are 
continually cast into the plasma by the breaking-up 
of mature exo-erythrocytic schizonts. They enter 
the erythrocytes where they grow and develop. In 
birds under treatment with atebrin or quinine, or 
small doses of plasmoquine, the number of parasites 
which are able to develop is reduced, and the process 
is retarded to varying degrees by the action of the 
drugs. It has been observed by Hewitt & Richardson 
(1943), and confirmed by our observations, that in 
the case of all three drugs the young ring stage is 
the one most rapidly attacked. But though the 
mortality rate of the young merozoites may be high, 
their numbers are continually reinforced throughout 
the period corresponding to that of the acute attack 
by fresh merozoites arising directly from the exo- 
erythrocytic schizonts. When the surviving para- 
sites are inoculated into a new host which is also 
receiving drug the delaying effect upon growth and 
multiplication, and the lethal action of the drug 
upon young stages, continue, but the parasite 
numbers are no longer reinforced by fresh mero- 
zoites from exo-erythrocytic schizonts. The infection 
therefore fails to become patent during treatment, 
though it may after this has ceased. 

When infections induced by the inoculation of 





Blood-inoculated and sporozoite-induced infections 


infected blood from untreated canaries are treated 
with therapeutic doses of antimalarial drugs the 
same mechanism will operate. The number of birds 
sterilized of such infections when treated with mepa- 
crine or plasmoquine, even in the maximum tolerated 
dose, is variable; whilst with quinine we have never 
succeeded in eradicating an infection. The inability 
of quinine, when given for prolonged periods, to 
sterilize blood-inoculated infections of P. cathe. 
merium had been noted by Lourie (1934a). After 
treatment with therapeutic doses of an effective 
drug for six consecutive days a delay in the 
appearance of parasites occurs which is variable 
even amongst birds treated with the same amount 
of drug. It may be as great as forty or more days 
and is followed by a light infection of short duration 
as first noted by Briinn (1926). In some birds only 
a few parasites are found on one or two days, but 
this slight infection renders the bird immune to 
further infection on reinoculation with parasites of 
the same strain. 

There are three possible explanations of the 
method by which the infection survives the action 
of the drug. First the inoculum may, as observed 
in infections of P. gallinaceum in the chick (James, 
1939), contain exo-erythrocytic parasites circulating 
in the leucocytes of the peripheral blood, which 
would enter the endothelial cells and so resist the 
action of the drugs. Against this hypothesis it may 
be stated that we have never seen exo-erythrocytic 
parasites of P. relictum in films made from canaries 
inoculated with infected blood, though the ex- 
perience of one of us (A.B.) embraces several 
thousand of these infections. Exo-erythrocytie 
forms have been found free in the peripheral blood 
of canaries infected with sporozoites, but they are 
extremely rare. 

Secondly, erythrocytic parasites may enter the 
reticulo-endothelial cells soon after they are intro- 
duced into the host and before they have been 
damaged by the drug, and thus constitute a source 
of fresh erythrocytic parasites when the blood con- 
centration of the drug has fallen sufficiently low to 
allow of their survival. Sterilization of an infection 
would occur if the drug eradicated all the erythro- 
cytic parasites before they had time to enter the 
reticulo-endothelial cells. Coulston & Manwell (1941) 
have shown that in P. circumflecum exo-erythrocytic 
parasites may be derived from erythrocytic forms, 
and Corradetti (1938) states that he found exo- 
erythrocytic forms of P. relictum in the internal 
organs of canaries infected by blood-inoculation and 
killed as soon as parasites appeared in the peripheral 
blood. Porter (1942), however, failed to find them 
in four strains of P. relictum maintained in canaries 
by blood-inoculation. Our own experience shows 
that in blood-inoculated infections of P. relictum 
exo-erythrocytic parasites are extremely rare. In 
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spite of prolonged search we have never found them 
in the internal organs of birds undergoing treatment 
with drugs, nor in birds with chronic infections. 
As, however, even in sporozoite-infected birds the 
period during which exo-erythrocytic parasites can 
be found is a very limited one, we inoculated a series 
of birds intravenously with heparinized blood 
heavily infected with parasites and killed them at 
times ranging between the Ist day, when the in- 
fection was already well established in the blood, 
and the 11th day when it was passing into the 
chronic phase. In spite of prolonged examination 
of many impression smears of the internal organs 
no large exo-erythrocytic forms similar to those 
occurring in sporozoite-induced infections were 
found. A few small uninucleate, non-pigmented 
parasites were found in the macrophages of the 
spleen of a bird killed on the 3rd day, also a four- 
nucleate non-pigmented form, but this was extra- 
cellular in position. In a bird killed on the 5th day 
an unpigmented, uninucleate parasite was found in 
amacrophage of the spleen. From these experiments 
it is apparent that exo-erythrocytic parasites are 
extremely rare in the G strain of P. relictum when 
it is transmitted by blood-inoculation. That exo- 
erythrocytic parasites if present must be very few 
is also proved by the fact that erythrocytic para- 
sites are not seen in the peripheral blood if drug- 
treatment is prolonged beyond the period of 
normal incubation as in the case of sporozoite- 
induced infections, and the time required to build 
up a patent infection after drugging has ceased may 
be long. This period, however, seems to depend to 
some extent upon the nature of the drug, as the 
delay in appearance of parasites caused by thera- 
peutic doses of quinine is usually much smaller than 
that caused by plasmoquine or mepacrine. Lourie 
(1934a@) occasionally observed a single parasite in 
canaries infected with P. cathemerium and under- 
going daily intraperitoneal injections of 1 mg. of 
quinine for periods exceeding 10 weeks. It is possible 
that the numbers of exo-erythrocytic parasites pro- 
duced may vary from strain to strain, which would 
account for the greater facility with which Corradetti 
appears to have found them as compared with our 
experience. 

The third possible explanation of the persistence 
of blood-inoculated infections after suppressive 
treatment with antimalarial drugs is that some of 
the erythrocytic parasites may be able to withstand 
much greater concentrations of drugs. If this be so, 
the resistant parasites must be very few as they are 
not apparent during drug treatment or for a con- 
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siderable period after it is ended. Moreover, the 
maximum tolerated dose of plasmoquine or atebrin 
will not invariably eradicate an infection which can 
be effectively suppressed with a 1/32 and 1/16 
dilution of the drugs respectively. The variability 
in parasite resistance would therefore need to be 
very wide for individuals to survive so much greater 
a concentration of drug than is lethal to the majority. 
Such a resistance to the action of the drug, if it 
exists, is not passed on to future generations of 
parasites arising directly from the survivors of drug 
treatment, as infections derived from them are as 
sensitive to the action of the drug as those produced 
from an untreated strain. 


SUMMARY 


1. When sporozoite-induced infections of Plas- 
modium relictum are treated with atebrin (mepu- 
crine) in doses suppressive to blood-inoculated 
infections, for periods exceeding that of normal 
incubation, parasites devoid of pigment appear in 
the erythrocytes of the peripheral blood. A small 
proportion of these may develop into schizonts, but 
the number of merozoites produced is fewer than 
normal. 

2. A similar phenomenon occurs when quinine 
is substituted for atebrin, but the drug appears to 
be excreted more rapidly so that the inhibitive 
effect upon growth is less marked. 

3. When plasmoquine is given in the maximum 
tolerated dose to birds infected with sporozoites, 
parasites are not seen in the peripheral blood during 
treatment, though the infection is not sterilized. 
With smaller doses parasites, including a few small 
schizonts, are found in the erythrocytes during 
treatment. 

4. Merozoites produced in the erythrocytes during 
drug treatment are not capable of further multi- 
plication when inoculated into uninfected birds 
having a similar blood-concentration of drug, so 
long as treatment continues, though they develop 
normally when transferred to untreated birds. 

5. No indication of drug resistance has been 
observed. 

6. The possible mechanisms by which blood- 
inoculated infections are eradicated, or resist eradi- 
cation, are discussed. 


We wish to thank Miss Vincent (Mrs Thorpe) 
and Dr Parr Tate for access to their preliminary 
unpublished experiments, and the latter for helpful 
criticism. 
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STUDIES ON TAPEWORM PHYSIOLOGY 
II. CULTIVATION AND DEVELOPMENT OF LIGULA INTESTINALIS IN VITRO 


By J. D. SMYTH, Department of Zoology, University of Leeds 


(With Plates VI-VIII and 4 Figures in the Text) 


INTRODUCTION 


The difficulty of keeping tapeworms alive outside 
the host’s body has been mainly responsible for the 
lack of knowledge concerning the physiology of 
these helminths. Adult tapeworms, being intestinal 
parasites, are rapidly overcome in artificial media 
by the growth and development of microflora carried 
over from the host’s gut. Successful in vitro cultiva- 
tion depends therefore on the attainment and main- 
tenance of aseptic conditions, and the poor results 
of most early workers have been due to inability to 
fulfil these conditions. In a few cases, the meta- 
cestodes of cyclophyllidean cestodes have been 
cultured aseptically for short periods, but results 
have been unsatisfactory, since normal development 
has never been obtained (Coutelen, 1927, 1929; 
Dévé, 1926; Mendelsohn, 1935; Wilmoth, 1945). For 
a summary of early work in this field, see the re- 
views of Wardle (19376) and Smyth (19465). 

The larvae of certain pseudophyllidean cestodes 
are particularly suited for cultivation experiments, 
as their localization within the host’s coelomic cavity 
ensures an aseptic environment. Recent work has 
shown that larvae removed without bacterial con- 
tamination from the host can be cultured in vitro 
for considerable periods. Smyth (1946a@) maintained 
the plerocercoids of Schistocephalus solidus under 
aseptic conditions in vitro for periods of over 300 days 
at room temperatures. 

Cultivation of plerocercoids at room temperatures 
does not result in any further development of the 
genitalia, which are in an immature condition in 
the larva. Development and maturation can, how- 
ever, be obtained in a suitable medium by raising 
the temperature of cultivation to 40°C. (i.e. the 
body-temperature of the definitive bird host). 
Joyeux & Baer (1938, 1942) obtained partial de- 
velopment of the plerocercoids of Ligula intestinalis 
in a variety of media; but development was ab- 
normal in that, although some larvae underwent 
oviposition, the testes failed to undergo spermato- 
genesis. 

Smyth (1946a), using peptone-broth as a culture 
medium, found that the larvae of Schistocephalus 
became sexually mature at 40°C. within 48 hr., 





showing normal spermatogenesis, oogenesis, yolk- 
and shell-formation, followed by oviposition. The 
eggs, however, failed to hatch out, and histological 
examination revealed that copulation had not taken 
place between proglottids, since spermatozoa were 
not found in the vagina. Nevertheless, the fact that 
histological development of the larval tissues had 
apparently taken place in a normal manner sug- 
gested that the medium used—peptone-broth—was 
as yet the most suitable for artificial cultivation 
in vitro. 

The present experiments deal with the develop- 
ment of Ligula in peptone-broth, and it will be 
shown that, as with Schistocephalus, complete de- 
velopment and maturation of the genitalia may be 
obtained. 


LIFE CYCLE OF LIGULA INTESTINALIS 
Ligula intestinalis (Linnaeus, 1758) is probably the 
only species of the genus Ligula Bloch, 1782, of the 
subfamily Ligulinae Monticelli & Crety, 1891, of 
the family Diphyllobothriidae Liihe, 1910. 

The adult worm is a common intestinal parasite 
of birds inhabiting salt and fresh-water areas. It is 
very non-specific in its choice of hosts. Cooper 
(1918) lists as many as fifty-five species of birds 
from which this cestode has been reported. The 
plerocercoid larva occurs in the abdominal cavity 
of teleost fishes, and a wide range of some seventy 
species have been reported as intermediate hosts 
(Cooper, 1918; Joyeux & Baer, 1936). The relation- 
ship between the plerocercoid in the fish and the 
adult in the bird was not realized for some time. 
As early as 1782 Bloch, observing a resemblance 
between the ‘worm’ found in the fish and that in 
the intestine of birds, suggested that the former 
was the larval stage of the latter. He attempted to 
prove this hypothesis and obtain adults by feeding 
larvae from fish to ducks, but without success. 
Van Beneden (1858) likewise failed in similar experi- 
ments. These experiments were repeated by Du- 
champ (1876) who showed that the larvae did in 
fact become sexually mature in the bird’s gut, but 
that the development was so rapid that within 
48 hr. the worms became sexually mature, laid eggs 
and died. These results were confirmed by Donnadieu 
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(1877). The failure of Bloch and van Beneden to find 
worms in the bird’s gut can therefore be attributed 
to the fact that too long a time was allowed between 
the feeding of the plerocercoids to the duck and the 
post-mortem examination. A bird host is not essen- 
tial for development and the plerocercoid can reach 
sexual maturity in the dog or cat (Duchamp, 1878; 
Joyeux & Baer, 1942), but the latter authors failed 
to infect the rabbit, macaque monkey or man. 

The eggs are ejected from the mature worm via 
the uterine pores, and on reaching water hatch out 
into typical ciliated onchospheres in 5-37 days, the 
time depending on the temperature (Schauinsland, 
1885; Joyeux & Baer, 1942; Rosen, 1920). The 
free-swimming embryos on ingestion by the first 
intermediate host—a copepod—make their way 
through the gut and develop into typical procer- 
coids in the body-cavity within 15-20 days. Rosen 
(1920) experimentally infected Cyclops strenuus and 
Diaptomus gracilis; Joyeux & Baer (1942) obtained 
development only in Cyclops biscuspidatus. On in- 
gestion of the infected copepod by the fish, the 
contained procercoid migrates to the body-cavity 
and develops into a plerocercoid larva. 


MATERIAL AND METHODS 


The plerocercoids of Ligula used in the present 
experiments were obtained from the roach, Rutilus 
rutilus, four specimens of which were collected from 
Thryberg reservoir, near Doncaster. The infected 
fish showed a slight but noticeable swelling of the 
abdomen, and dissection revealed the larvae closely 
packed in the body-cavity between but not em- 
bedded in the viscera. Two to four larvae were 
present per fish. 

The success of the cultivation experiments de- 
pends on the initial removal of the larvae from the 
body-cavity without bacterial contamination. The 
main outlines of this technique have already been 
described in detail for Schistocephalus (Smyth, 1946 a) 
and were only slightly modified to suit the needs of 
a larger fish. Fish were killed by pithing, and the 
surface of the skin carefully dried and sterilized 
with alcoholic iodine. The skull of the fish was 
secured in a small fixed clamp and the body orien- 
tated so that its ventral side faced the observer. 
The coelomic cavity was opened carefully with 
a sterile scalpel, and the larvae were removed by 
means of sterile forceps and transferred to the cul- 
ture tube. Most stringent bacteriological procedure 
was observed throughout, and rapidity of dissection 
and manipulation are determining factors in the 
attainment of aseptic cultures. 

Larvae were cultured in plugged 15 x 3.cm. rimless 
culture tubes. Peptone broth was used as a medium 
throughout the experiments. The broth was pre- 
pared from ox-heart muscle following the standard 
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bacteriological procedure; 1 % peptone being added 
to replace the precipitated proteins. As these experi. 
ments were concerned with the development—rather 
than the mere survival—in of vitro Ligula, the tubes 
were incubated in an oven at 40° C., which is the 
approximate body-temperature of the duck (Wet- 
more, 1921). No attempt has been made to deter. 
mine the viability of the plerocercoid in vitro at 
room temperature, for the low metabolic rate does 
not allow of any development of the genitalia at 
this temperature, and little useful information con. 
cerning the nutritional requirements can be ob. 
tained. 

The anatomy and histology of the plerocercoid, 
and the artificially matured adult, were studied in 
whole-mount preparations and in serial sections cut 
at 5. Corrosive-acetic and borax-carmine gave the 
most satisfactory results for whole mounts. For 
general histology the following fixatives were tried: 
Bouin, Susa, Flemming (with and without acetic), 
Champy and Carnoy. Of these Carnoy gave much 
superior results, being especially good for spermato- 
genesis and yolk-formation. Sections were stained 
in Heidenhain’s haematoxylin. 


ANATOMY OF THE PLEROCERCOID 
(1) External details 


The anatomy of Ligula intestinalis has been studied 
by numerous authors, notably Moniez (1881), Kiess- 
ling (1882), Linstow (1901), Zernecke (1895), Cooper 
(1918) and Linton (1927). Most of the anatomical 
work has centred around the adult form, and the 
histology and general anatomy of the plerocercoid 
have received little attention. 

Joyeux & Baer (1936) give the length-range of the 
plerocercoid as 10-40 cm.; the larvae used in the 
present experiments measured 10-35 cm. The an- 
terior end is bluntly rounded, with the bothria 
(Text-figs. 1, 2A) visible as very short grooves 
passing over the tip. In the adult, this end becomes 
everted and sharply pointed, with the bothria 
standing out clearly on each side (Text-fig. 2B). 
The figures of Cooper (1918)—based on preserved 
material—show the length of the bothrial region 
in the adult as only slightly longer than in the larva. 
From observation of the living worm in vitro, it was 
seen that the scolex became extended to about three 
times its larval length, but contracted rapidly 
on fixation. The surface of the plerocercoid is not 
segmented into well-defined proglottids, but has 
a rugose appearance which gives the organism 
a superficial appearance of segmentation. There is 
a@ well-marked superficial longitudinal furrow (4, 
Text-fig. 3; Pl. VII, fig. 7), running in the middle 
line above the genitalia; this becomes almost 
obliterated in the adult by the growth and develop- 
ment of the genitalia. 
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In whole-mount preparations, the genitalia can 
be seen as dark transverse band-like structures 
alternating irregularly on each side of the middle 
line. They are very compact in arrangement, and 
a single transverse section (Text-fig. 3; Pl. VI, 
fig. 3) of 5 thickness contains almost a complete 
set of organs. In the anterior and posterior regions 
of the larva, the genitalia progressively become less 
well defined and gradually disappear, with the result 
that in the first 10 mm. and the last 25mm. no 
genitalia are to be found. 


(2) Histological examination 


The condition of the larval genitalia is very im- 
mature and closely resembles that in Schistocephalus 
in many points. One of the most striking features 
of the histology is the staining reaction of the cells, 
which stain heavily and diffusely with nuclear stains, 
so that it is difficult to obtain clear differentiation 
between nucleus and cytoplasm. This was particu- 
larly marked in larvae of about 10 cm.; larvae of 
35 em. being considerably easier to stain. 

(a) Male genitalia. The testes, which lie in a single 
row (7', Text-fig. 3; Pl. VI, fig. 3) on the dorsal 
side of the medullary region, consist of clusters of 
round or spindle-shaped cells (Pl. VIII, fig. 8) en- 
closed in a scarcely definable capsule. In the 35 cm. 
specimens mitosis was common in these cells and 
eight spermatocyte morulae were sometimes seen, 
but later stages of spermatogenesis were never ob- 
served. In 10cm. plerocercoids mitosis was rare 
and spermatocyte morulae were never found. The 
cirrus and vas deferens (C, VD, Text-fig. 3) are both 
present as compact masses of cells which, however, 
appear solid and are not differentiated into typical 
tubular organs at this stage. The beginnings of the 
cirrus-pouch are seen as scattered cells in the region 
of the cirrus. The external opening of the cirrus is 
probably not formed, but a thin cord of cells 
(CR, Text-fig. 3) connects the anterior part of the 
cirrus with the subcuticular cells in the region of 
the mid-line. The seminal vesicle is not formed, nor 
are the vasa efferentia distinguishable. 

(b) Female genitalia. The ovaries are poorly de- 
veloped and it was difficult to find them in some 
sections. They are made up of irregularly shaped 
cells loosely connected to form a thin bilobed string 
(0, Text-fig. 3; Pl. VI, fig. 3) lying on each side 
of the mid-line in the ventral medulla. They do not 
lie directly on the transverse axis, but somewhat 
obliquely, so that only one branch of the ovary is 
normally seen in a transverse section. Mitosis was 
not observed in the oogonia. The oviduct is ap- 
parently not formed at this stage of development. 

The yolk-glands, which lie beneath the subcuti- 
cula, are very poorly defined in 10 cm. larvae and 
consist of loose aggregations of nuclei with very little 
cytoplasm, which stain heavily and intensely with 
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nuclear stains (Pl. VIII, fig. 10). In the 35cm. 
larvae the yolk-glands show more clearly, and dif- 
ferentiation between nuclei and cytoplasm is better. 
The cytoplasm shows no trace of the typical granu- 
lation associated with yolk-formation. 

The uterus and vagina (Text-fig. 3) are formed of 
compact masses of cells which, in both small and 
large larvae, are quite solid structures and show no 
trace of lumen-formation. Both these organs are 
connected to the subcuticula in the mid-line by thin 
cords of cells (UP, VP, Text-fig. 3), but no external 
pores are visible. 


(3) Results of cultivation in peptone-broth at 40° C. 


(1) External observations 

Larvae invariably showed very little active undu- 
latory movement in peptone-broth at room tem- 
perature. On placing the culture tubes in an oven 
at 40°C., the worms gradually showed signs of 
increasing activity, and very marked undulation 
commenced after about 5-6 hr. Maximum activity 
was reached after 12-15 hr. cultivation and was 
maintained in some cases for as long as 7 days. This 
phase of activity produced a marked lengthening 
and narrowing of the body of the worm, caused 
undoubtedly by relaxation of the longitudinal mus- 
culature. The length became nearly doubled and 
the width halved in a typical case. 

One larva died during the second day of cultiva- 
tion; in the remaining larvae no further external 
change took place until the 4th day of cultivation, 
when in five of the worms the cirrus in each set of 
genitalia became everted (Table 1). The intense 
undulation of the worms makes observation of the 
surface of the worm through the walls of the culture 
tube a matter of very great difficulty, and conse- 
quently the behaviour of the cirrus was difficult to 
follow in detail. As far as could be ascertained, the 
cirrus remained completely everted and did not 
undergo repeated invagination and eversion, as 
described previously in Schistocephalus (Smyth, 
1946a). There was no indication that insertion of 
the cirrus into the vaginal pore of the same pro- 
glottid took place, nor was copulation observed 
between different regions of the same worm or 
between different worms cultured together in the 
same culture tube. Three worms died on the 5th day 
and one on the 6th day of incubation without under- 
going further external changes. On the 6th day the 
genitalia in the three surviving worms became 
noticeably swollen and stood out clearly as irregular 
elevations. On the 7th day of cultivation, these 
worms began ejecting eggs from the uterine pores 
of the majority of their proglottids, with the excep- 
tion of those in the most anterior and posterior 
regions. The anterior ends of the worms—just behind 
the scolex—had by this time become completely 
segmented by distinct external transverse divisions 
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for a distance of about 1 cm. (Text-fig. 2B); the 
remainder of the worm remaining externally un- 
segmented. This partial segmentation corresponds 
with the condition observed in normal adult Ligula 
obtained from bird hosts (Cooper, 1918). Examina- 
tion of the debris at the bottom of the culture tube 
revealed the presence of masses of sperms and free 
yolk cells, in addition to quantities of ejected eggs. 
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matocyte and spermatid morulae (Pl. VIII, fig. 9) 
in progressive stages of development. The sperma- 
tozoa had little affinity for nuclear stains and re- 
quired heavy overstaining to be seen satisfactorily. 
Observation of mitotic and meiotic figures of 
spermatogenesis revealed that the haploid number 
of chromosomes lay between 6 and 8, but the minute 
size of the cells made observation difficult, and the 


Table 1. Results of incubation of plerocercoids of Ligula intestinalis in peptone-broth at 40° C. 


Period of cultivation 





Larva c ~_ + 
no. 1 day 2 days 3 days 4 days 5 days 6 days 7 days 8 days 
1 —_ —_ — Cirrus Dead —_ — — 
everted 
2 —_ — —_ Cirrus —_ Dead — —_ 
everted 
3 _ _ _— Cirrus Dead — a + 
everted 
4 _ —_ _ Cirrus —_— —_ Egg-pro- (Removed 
everted duction and fixed) 
5 — Medium =~ Dead — -= _ -- 
changed 
6a — Medium — Medium Cirrus Medium Egg-pro- Dead 
6b changed changed everted changed duction Dead 
7 _- Dead oo — -- — — — 
8 _— — ~- Cirrus Dead -- _- — 
everted 


One of the ovipositing worms was sacrificed and 
fixed before it had completed its egg production. 
The remaining two were allowed to continue ovi- 
position until the 8th day, during which they died. 


(2) Histological examination 

Histological examination of the sexually mature 
worm revealed that all the genitalia had undergone 
complete development and maturation, resulting in 
the typical anatomical arrangement of the normal 
adult Ligula (Text-fig. 4). 

(a) Male genitalia. The testes now showed well- 
marked capsules enclosing them, and consisted of 
masses of mature spermatozoa, together with sper- 


exact number is subject to confirmation. The 
majority of testis capsules contained one or occa- 
sionally two very large cells with a very large 
number of chromosomes. The presence of these 
cells—conveniently termed giant polyploid cells— 
has already been noted in the testes of Schisto- 
cephalus cultured artificially under similar con- 
ditions, and it has been suggested that they may 
act as nurse cells of some kind (Smyth, 1946a). 


_ Unfortunately, it has not been possible to examine 


normal adult specimens of Ligula from birds and 
so compare the normal spermatogenesis with that 
of worms artificially matured; and the possibility 
that these giant polyploid cells represent abnormal 





Explanation of Text-figs. 1-4 


Text-fig. 1. Plerocercoid of Ligula intestinalis. Borax- 
carmine preparation. B, bothrial end; A, posterior 
poorly developed region. 

Text-fig. 2. A, bothrial region of normal plerocercoid, 
showing partial segmentation. B, the same after 
cultivation; showing eversion of scolex and complete 
segmentation. Borax-carmine whole mounts. BR, 
bothrium. 

Text-fig. 3. Transverse section of uncultured plerocer- 

coid, showing primitive condition of genitalia. Camera 

lucida drawing. Carnoy; Heidenhain’s haematoxylin. 

C, cirrus; CP, cirrus-pouch; CR, anterior cirrus 


rudiment; C7’, cuticle; G, external groove; O, ovary; 
SC, subcuticula; 7’, testis; U, uterus; UP, anterior 
uterus rudiment; VD, vas deferens; VP, anterior 
vagina rudiment; Y, yolk-glands. 

Text-fig. 4. Arrangement of genitalia in mature adult 
Ligula intestinalis. Schematic modified from Linton 
(1927). CM, circular muscle; HZ, egg; LM, longitudinal 
muscle; OD, oviduct; PC, cirrus pore; PV, vaginal 
pore; PU, uterine pore; R, receptaculum seminis; 
S, shell-gland; SV, seminal vesicle; V, vagina; 
YD, yolk-duct; YR, yolk-reservoir. Other letters as 
in Text-Fig. 3. 
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development cannot therefore be overlooked. The 
vasa efferentia, vas deferens and seminal vesicle 
were well developed and swollen with ripe sperma- 
tozoa. 

(b) Female genitalia. The female genitalia show 
marked changes from the plerocercoid condition. 
The cells of the ovary, after incubation, undergo 
considerable multiplication and become differen- 
tiated into oval or spherical ova with large, well- 
defined nuclei containing deeply staining nucleoli 
(Pl. VII, fig. 5). Maturation was almost entirely 
completed in the worm examined, and mitosis or 
meiosis in the oocytes was rarely seen. 

The yolk-glands, which in the larva showed no 
trace of activity (Pl. VIII, fig. 10), become enlarged 
to about twice their initial size. The cytoplasm of 
individual cells is filled with masses of yolk-globules 
of varying sizes, as in typical vitellogenesis. The 
tubular organs—vagina, oviduct and uterus—which 
were feebly-defined solid masses of cells in the larval 
condition, now show well-marked walls. The uterus 
was packed with masses of eggs and free yolk-cells, 
and in whole-mount preparations showed the rosette 
pattern typical of the Diphyllobothriidae (Pl. VI, 
fig. 2). 

The receptaculum seminis, into which the vagina 
enlarges dorsally to the ovarian isthmus, was well 
defined but its lumen was quite free from sperma- 
tozoa (Pl. VII, fig. 5), from which it was concluded 
that spermatozoa had not been received into the 
vagina. 

The eggs recovered from the bottom of the culture 
tube had a mean size (for ten eggs) of 65x 34y, 
which is approximately the range reported by other 
workers (Linton, 1927; Linstow, 1901; Kiessling, 
1882; Cooper, 1918). As seen in sections of the 
uterus the eggs have the typical appearance with 
a central ovum surrounded by masses of yolk cells. 
The large nucleus of the ovum is well shown after 
Carnoy fixation and stands out clearly (Pl. VII, 
fig. 7) from the surrounding yolk cells. In spite of 
the fact that fertilization had not taken place, the 
ovum underwent segmentation as far as the two-cell 
stage, for some 50% of the eggs seen in sections 
showed either two nuclei (Pl. VII, fig. 6) or stages 
of mitosis of the original female pronucleus. 

Development of the eggs was never continued 
beyond this stage, and attempts*to hatch out the 
eggs in watch-glasses, following the technique of 
Rosen (1920), proved unsuccessful. 

(c) Histological examination of worms dying before 
oviposition. Six of the worms cultured in broth died 
without oviposition. Of these, four died at night 
and on examination the following morning showed 
marked disintegration followed by almost complete 
autolysis. Worm no. 1 (Table 1) however became very 
sluggish during the 5th day and was fixed as soon 
as undulant activity ceased. Examination of sec- 
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tions revealed that spermatogenesis had reached 
advanced stages. The ovary had undergone com. 
plete maturation and did not appear to differ sig. 
nificantly from the condition found in worms that 
had oviposited. The tubular genitalia had lost their 
primitive condition and showed well-defined epi. 
thelial walls. The absence of ova from the uterus, 
however, indicated that ovulation had not taken 
place. 


DISCUSSION 


It has long been suspected that, providing the food 
requirements are fulfilled, the development of plero. 
cercoid larvae of certain cestodes is mainly a ques. 
tion of increase in metabolic rate caused by the 
higher body-temperature of the final host. As early 
as 1878 Duchamp, finding that the larvae of Ligula 
became sexually mature when taken into the gut of 
the pigeon, attempted to cultivate the worms in vitro 
at 38-39° C., but a rapid putrefaction set in and 
the worms died within a few hours. The results of 
the present experiments and those of Joyeux & Baer 
(1942) on Ligula, together with similar results with 
Schistocephalus (Smyth, 1946a) prove conclusively 
that increase in temperature is essential for develop. 
ment in this subfamily, but the limited number of 
larvae available for experiments does not permit any 
conclusion to be drawn withregard tothe mechanism 
of such development. It is likely that there is 
a threshold temperature below which the genitalia 
will not develop, but further work will be necessary 
to provide information on this point. 

The induction of development by heat provides 
an explanation for the wide range of bird hosts from 
which Ligula has been reported, and also accounts 
for the fact that the plerocercoids can become 
sexually mature when introduced into the body- 
cavity of the dog or cat (Joyeux & Baer, 1942; 
Duchamp, 1878). On the other hand, the former 
authors could not obtain development of the plero- 
cercoid in the gut of the rabbit, macaque monkey 
or man, so that some specific eliminating factor must 
operate in these cases, and the temperature cannot 
be the sole controlling factor. There is no evidence 
as yet to indicate the nature of the factors that 
prevent development in these hosts. 

The degree of development of the plerocercoids 
of Ligula is not as advanced as in Schistocephalus. In 
both these species the procercoid, which measures 
only a fraction of a millimetre, must undergo con- 
siderable growth on reaching the body-cavity of the 
fish. This growth is accompanied by a certain amount 
of organogenesis with respect to the genitalia. In 
Schistocephalus, the lumina of the tubular organs 
are well developed; the body is completely divided 
externally into well-defined proglottids; in the most 
highly developed larvae, the genitalia are present 
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even in the most posterior region, and the genital 
pores are present. In Ligula, on the other hand, 
even in the largest larvae examined (35 cm.) the 
genitalia were invariably less well developed in that 
(a) the lumina of the tubular organs were not de- 
veloped; (b) the body was not divided into pro- 
glottids; (c) the posterior region contained only the 
rudiments of genitalia; (d) the genital pores were 
not formed. The condition in Ligula can thus be 
considered a result of organogenesis that has not 
proceeded as far as in Schistocephalus. Growth in 
both species is localized at the anterior and posterior 
ends—a condition in contrast with the condition 
found in the cyclophyllidean cestodes, where there 
isa single locus of growth in the neck region. 

The question next arises whether the develop- 
ment of the plerocercoids in vitro can be considered 
normal. The development of genitalia, resulting in 
the formation of spermatozoa, yolk, shell and ova, 
suggests that normal maturation has taken place. 
The formation of the giant polyploid cells may prove 
later to be an abnormality, but the very fact that 
mature spermatozoa are actually formed would seem 
to indicate that spermatogenesis is normal. The 
behaviour of the chromosomes in cestodes is well 
known to be irregular, and Jones (1945) in a recent 
detailed study has stated that ‘the literature on 
cestode cytology reveals inconclusive results which 
in general suggest that cestode nuclei behave dif- 
ferently from other organisms’. It has already been 
suggested that these giant cells may play the role 
of ‘nurse cells’ during spermatogenesis, but further 
detailed investigation of the origin and development 
of these cells is needed before their true significance 
can be ascertained. 

The failure of Joyeux & Baer (1942) to obtain 
spermatogenesis in Ligula in cultures is indicative 
that the media used in their experiments were un- 
suitable for cultivation purposes. Their media in- 
cluded serum, pregnant-mare serum, dog serum and 
total blood from duck, mixed in various proportions 
with physiological saline. The addition of various 
extracts from testes or pituitary, or from the tissues 
of a normal adult Ligula itself likewise failed to 
promote spermatogenesis. These results suggest that 
a specific factor or factors are essential for complete 
maturation of the testes of Ligula, although physical 
factors such as pH, osmotic pressure, etc., may also 
be important. 

Very little is known concerning the nutritional 
requirements of cestodes, as advances in this field 
are necessarily linked with the technique of in vitro 
cultivation. The early experiments of Brand (1933) 
and Wardle (1937a) suggested that glucose played 
an important part in cestode metabolism, but their 
resuits could not be considered as statistically sig- 
nificant. Markov (1939) describes a series of careful 
experiments which, although not carried out under 
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aseptic conditions, yielded highly significant results. 
The glycogen content of the strobilae of Hubothrium 
rugosum and Triaenophorus nodulosus and of the 
plerocercoids of Ligula intestinalis and Diphyllo- 
bothrium latum was determined by chemical analysis, 
and the results correlated with histochemical exami- 
nation of sections, using Best’s Carmine. Under 
starvation conditions (i.e. after cultivation in pure 
salines) there was a marked and significant loss in 
glycogen, whereas in nutritive media there was 
@ rise in glycogen with a corresponding loss of 
glucose from the media. 

With Ligula plerocercoids cultured at room tem- 
peratures Markov obtained a glycogen loss of the 
order of 30 % after 14 days’ cultivation. Cultivation 
of Ligula at higher temperatures was not carried 
out—owing doubtless, to difficulties in controlling 
microfloral contamination—but Markov succeeded 
in maintaining the plerocercoids of Diphyllobothrium 
latum alive for 72 hr. at 35°C., and obtained 
a glycogen loss of 94%. Reid (1942) also noted 
a glycogen loss of approximately the same order in 
Raillietina cesticillus—the glycogen content falling 
to 4% of its initial level after 20 hr. starvation of 
the chicken host. Chandler (1943) noted that lack 
of carbohydrate in the host’s diet caused marked 
stunting in the growth of Hymenolepis diminuta in 
rats, whereas absence of protein in the diet had no 
apperent effect. 

This evidence suggests that glucose is the main 
source of energy of cestodes, and that under starva- 
tion conditions the glycogen reserves are almost 
completely consumed within a few days. It is sig- 
nificant that in the present experiments the peptone- 
broth medium used does not contain free glucose. 
Now if the carbohydrate consumption was of the 
same order as that of Diphyllobothrium latum, as 
given by Markov, the worms would have exhausted 
their reserves within 3-4 days; yet in some cases 
the worms remained alive for as long as 7 days. 
It is probable, therefore, that the carbohydrate 
requirements were fulfilled by the breaking down 
of the complex protein-carbohydrate compounds 
present in broth. The fact that free glucose in the 
medium is not essential for development is sur- 
prising in view of Markov’s results. Recent (unpub- 
lished) work with Schistocephalus suggests that the 
addition of 0-1% glucose may possibly retard the 
development in vitro, but this result is open to 
confirmation. There seems little doubt therefore 
that the factor lacking in the media used by Joyeux 
& Baer (1942) cannot be glucose and must be sought 
elsewhere. 

In this connexion, it is of interest to note that 
there is some evidence to suggest that vitamins are 
essential for normal development in cestodes. Hager 
(1941) noted that lack of vitamin G (B,) in the host’s 
diet caused practically complete cessation of egg- 
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production in Hymenolepis diminuta. Chandler 
(1943) and Chandler & Addis (1944) likewise found 
that lack of vitamin G produced marked stunting 
in the same species; establishment of cysticerci in 
the rat host was also found to be dependent in part 
on the vitamin G complex. The possibility that 
vitamins are the essential factors necessary for 
spermatogenesis in Ligula, and are present in pep- 
tone-broth but lacking in the media used by Joyeux 
& Baer, must therefore not be overlooked. On the 
other hand, a second possibility must also be con- 
sidered, namely that the media used by Joyeux 
& Baer contained a factor that inhibited spermato- 
genesis. In support of this view is the fact that in 
one cases spermatogenesis has been obtained in 
Schistocephalus cultured in }-strength Locke’s solu- 
tion containing no nutrient material whatsoever, 
although complete maturation up to oviposition 
was not obtained (Smyth, 1946a). 

In view of the little detailed knowledge available, 
it would be unwise to speculate further as to the 
factors governing spermatogenesis; the mechanism 
is undoubtedly complex, and much more experi- 
mental work under carefully controlled conditions 
will be necessary before the controlling factors can 
be determined. 

Under in vitro conditions, the period required for 
maturation of the genitalia is considerably longer 
than the time required in the natural life-cycle. In 
birds, the worms become sexually mature within 
2 days (Duchamp, 1876). In vitro, Joyeux & Baer 
(1942) found that 5-12 days were necessary for 
partial maturation, and in the present experiments 
the worms became mature after 7 days. The greater 
length of time required in vitro, together with the 
fact that only three of the nine larvae used survived 
to become sexually mature, suggests that the 
optimum conditions for development have not been 
satisfied in the present experiments, and that modi- 
fications of the medium or conditions of cultivation 
are necessary. Possibly many as yet undetermined 
factors such as pH, size of culture tube, volume of 
liquid, etc., are concerned. Renewal of the medium 
every 2 days apparently has little effect, for worm 
no. 4 (Table 1) underwent development in a medium 
that remained unchanged throughout the experi- 
ment. 

Failure of copulation to take place further indi- 
cated unsuitable cultural conditions. Since the 
genital openings are unconnected (i.e. do not open 
into a common genital atrium) it seems likely that 
copulation between different sets of genitalia is the 
normal procedure and that self-fertilization cannot 
occur. Little is known concerning copulation in 


cestodes generally. Leon (1925) has reported finding 
specimens of Diphyllobothrium latum foided back on 
themselves in close contact and in mutual copula- 
tion. In a cestode like D. latum, in which only a few 
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proglottids at a time become sexually mature, such 
a process of copulation would not be difficult. On 
the other hand, in forms like Schistocephalus o 
Ligula, in which all the genitalia become sexually 
mature at the same time, it is difficult to imaging 
how the fertilization of large numbers of proglottids 
can occur. Owing to the irregularity of the arrange. 
ment of the genital pores about the mid-line, mutual 
copulation would appear to be impossible between 
two worms along their entire length. During culti- 
vation of Ligula in vitro, copulation of any sort was 
not observed and the cirrus in each set of genitalia— 
though everted—appeared inactive. 

The present experiments have shown that the 
technique previously elaborated for the aseptic re. 
moval of small plerocercoids like Schistocephalus 
from the fish host, and their subsequent cultivation 
under aseptic conditions, can be satisfactorily 
adopted for large forms such as Ligula. These 
results, however, have been obtained with a limited 
amount of material and are only intended to be 
preliminary in nature. Further detailed study of 
the problems raised is being undertaken. 


SUMMARY 


The plerocercoid larvae of the pseudophyllidean 
cestode Ligula intestinalis have been removed from 
the body-cavity of the roach, Rutilus rutilus, and 
cultured in vitro under aseptic conditions, using 
a technique similar to that successfully applied to 
Schistocephalus solidus. 

In the larval condition, the genitalia are in 
&@ primitive, immature condition, with the testes, 
ovaries and yolk-glands only partially developed. 

Larvae were cultured in peptone-broth in plugged 
tubes at a temperature of 40° C., i.e. the body tem- 
perature of birds in which the plerocercoids normally 
develop into adult worms. 

Three of the nine larvae used became sexually 
mature after 7 days’ cultivation, and oviposition 
took place. Copulation between successive genitalia 
of the same worm or with genitalia of another worm 
in the same culture tube was not observed. 

Histological examination revealed that spermato- 
genesis, oogenesis, vitellogenesis and shell formation 
had apparently taken place in a normal manner. 
The testes contained giant polyploid cells as well as 
mature spermatozoa. The receptaculum seminis con- 
tained no spermatozoa, from which it was concluded 
that fertilization had not taken place. This was 
confirmed by the fact that attempts to hatch out 
the eggs were unsuccessful. The unfertilized eggs, 
however, underwent parthenogenic development 
within the uterus as far as the two-cell stage. Of 
the remaining six larvae, four developed sufficiently 
to undergo eversion of the cirrus, but died without 
oviposition taking place. 
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EXPLANATION OF PLATES VI-VIII 


All microphotographs of Ligula intestinalis. Figs. 1 and 2 of material fixed in corrosive-acetic and stained in borax- 
carmine. Remaining figures of Carnoy-fixed material stained in Heidenhain’s haematoxylin. 


Abbreviations : C, cirrus; E, egg; G, groove; M, muscle-fibre; O, ovary; OV, ovum; P, female pronucleus; P,, P,, 
nuclei of Ist segmentation division; R, receptaculum seminis; S, mature spermatozoa; SC, spermatocytes; 
SP, spermatid morula; 7, testis; U, uterus; Y, yolk-glands; YC, yolk-cells. 


Pirate VI 


Fig. 1. Whole mount of uncultured plerocercoid, showing 
genitalia. x 20. 


Fig. 2. Whole mount of artificially produced adult» 
showing typical rosette-shaped uterus. x 20. 


Fig. 3. Transverse section of uncultured plerocercoid. 
Genitalia poorly developed. x 15. 


Pirate VII 


Fig. 4. Transverse section of artificially produced adult. 
Genitalia fully developed; eggs in uterus. x 20. 


Fig. 5. As fig. 4, showing receptaculum seminis devoid 
of spermatozoa. x 400. 


(MS. received for publication 20. vit. 1946.—Ed.) 


Fig. 6. Eggs in uterus of artificially produced adult, 
showing two nuclei formed by parthogenetic division 
of female pronucleus. x 1000. 

Fig. 7. Eggin uterusof artificially produced adult, showing 
female pronucleus surrounded by yolk-cells. x 1000. 


Pirate VIII 


Fig. 8. Testis of normal uncultured plerocercoid. Cells 
heavily and diffusely stained. x 700. 

Fig. 9. Testis of artificially produced adult. Spermato- 
genesis in progress; some mature spermatozoa de- 
veloped. x 1000. 

Fig. 10. Yolk-glands of normal uncultured plerocercoid. 
Cells very heavily and diffusely stained, nuclei in- 
distinguishable. x 1000. 

Fig. 11. Yolk-glands of artificially produced adult. Cells 
greatly enlarged and filled with yolk-globules. x 1000. 








